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ABSTRACT 
Photocatalytic concrete containing nano TiO2 particles has generated interest in the 21
st 
century for their air pollutant removal and self-cleaning performance on civil infrastructure 
components. In this research, photocatalytic cement pastes were evaluated for NOx removal in a 
laboratory photoreactor while the self-cleaning performance of photocatalytic mortar specimens 
were assessed though Rhodamine B (RhB) degradation. The self-cleaning and NOx removal 
capacity of Calcium Sulfoaluminate Belite (CSAB) cement relative to Ordinary Portland Cement 
(OPC) was compared. Finally, a use phase Life Cycle Assessment (LCA) was performed for 
concrete overlay made of either gray or white cement with or without titanium dioxide (TiO2) 
considering vehicular pollutant removal, Urban Heat Island (UHI) effect, and building energy 
consumption. 
Overall, NOx removal of photocatalytic CSAB was lower than white photocatalytic cement 
by 43% and 28% for noncarbonated and carbonated samples, respectively. Replacing both types 
of cement by fly ash decreased NOx removal in the non-carbonated state, but helped to reduce the 
adverse effect of carbonation. Based on XRD measurements, CSAB samples carbonated more than 
the OPC samples. CaCO3 content in white OPC and CSAB samples decreased with increase in 
TiO2 content and decrease in w/b. Carbonation of photocatalytic CSAB samples contained Calcite 
and Aragonite as the major phases and Vaterite as the minor CaCO3 phases, whereas carbonated 
white OPC samples had Calcite and Vaterite as the major CaCO3 phases without any Aragonite. 
The activation energy of the photocatalytic samples were lower than activation energy of pure 
nano TiO2 used in the specimens, which indicated the possibility of local defects in the TiO2 
present in the paste.  All photocatalytic paste sample in the presence of photons with energy just 
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below the activation energy showed exponential decay (Urbach tail) in absorbance with decrease 
in photon energy, which is generally observed in semiconductors containing defects. Observance 
of Urbach tail of absorption confirmed the presence of local defects in TiO2 present in 
photocatalytic paste. The slope of the Tauc plot, which relates absorbance and photon energy, was 
used to represent the photoconductance of the samples. Carbonated samples had a higher slope 
than the noncarbonated samples indicating a higher photoconductance in the carbonated samples. 
The self-cleaning efficiency of all the photocatalytic mortar mixes increased with fine glass 
aggregate and TiO2 content, but the effect was less significant for mortar with CSAB compared to 
OPC. Replacement of cement with class F fly ash drastically decreased self-cleaning efficiency. It 
was hypothesized that decrease in pH of pore solution with fly ash replacement of OPC caused the 
decline in self-cleaning efficiency. An experiment to study RhB degradation with pH showed that 
the rate of RhB degradation increases with alkalinity. RhB can photocatalytically degrade through 
two mechanisms: N-de-ethylation and cleavage of chromophore structure depending on the 
reaction surface characteristics. N-de-ethylation of RhB involves successive removal of the ethyl 
groups in RhB, whereas cleavage of the chromophore structure involves removal of the conjugated 
chromophore structure in RhB. Some of the RhB on the mortar surface was degraded by N-de-
ethylation path regardless of the cement and aggregate used. Overall, increasing TiO2 (anatase) 
content increased RhB degradation through N-de-ethylation. 
In the use phase LCA study, the NOx removal of white photocatalytic cement was set higher 
than gray photocatalytic cement based on photoreactor results and the albedo of white cement was 
significantly higher for white cement over gray cement. Given these properties as input to the 
LCA, white cement concrete overlays had five times less Global Warming Potential (GWP) than 
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gray cement and produced a net decrease in indoor energy consumption of 9.5 kWh per capita per 
year compared to gray cement.  The environmental impacts of concrete overlay with different 
binder combinations were converted into ten Normalized Environmental Impact Parameters 
(NEIPs) and a single-score Net Environmental Impact (NEI) with gray cement without TiO2 as the 
control case. Addition of TiO2 in concrete decreased acidification, ecotoxicity, eutrophication, 
human health degradation factors, smog formation and respiratory effects, whereas using white 
cement instead of gray cement decreased all ten NEIPs and NEIs. The most substantial reduction 
in NEI was for white cement with TiO2 with NEI at −1.16 × 10−2 and the least reduction was for 
gray cement with TiO2 with NEI at −5.35 × 10−4.
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CHAPTER 1: INTRODUCTION 
1.1. BACKGROUND 
The last two decades have seen an interest in the incorporation of nano TiO2 in concrete 
(photocatalytic concrete) for its improved use phase sustainability through air pollutant removal 
and self-cleaning properties.  The major improvement in use phase sustainability in photocatalytic 
concrete comes from its air pollutant removal ability. Nano TiO2 in the presence of sunlight 
becomes excited and releases electrons that can oxidize many different air pollutants including 
NOx, SOx, and VOCs. Out of the different air pollutants removed by photocatalytic concrete, NOx 
is particularly important because of its harmful health effects and contribution to smog formation 
and tropospheric ozone creation. NOx is also one of the six pollutants which has a maximum 
possible ambient air concentration limit imposed by US National Ambient Air Quality Standards 
(NAAQS).  As concrete is the most consumed material after water, successful large-scale 
application of photocatalytic concrete for air pollutant removal can be highly impactful as 
photocatalytic concrete can provide large reaction surface area for photocatalytic degradation. 
Moreover, as the degradation of the pollutants is photocatalytic, nano TiO2 is not consumed with 
pollutant degradation This ensures continuous removal of air pollutants throughout the long 
service life of the photocatalytic concrete, which can vary from 10 to 100 years depending on the 
application. 
 Another important property of photocatalytic concrete is the self-cleaning ability. NOx 
removal of the photocatalytic concrete surface decreases in the presence of contamination 
(Etxeberria et al., 2017), and TiO2 self-cleaning ability helps to keep the surface clean and thus 
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maintain a higher NOx removal performance. Self-cleaning properties can also help to preserve 
the initial albedo of the concrete for a longer time and maintain the aesthetics of important 
structural components. 
Even though photocatalytic concrete increases use phase sustainability, addition of TiO2 in 
concrete does not have a significant effect on the construction, maintenance and end of life phase 
of concrete as the mechanical and durability properties of photocatalytic concrete is similar than 
plain concrete without TiO2 (Chen and Poon, 2009a). However, photocatalytic concrete is less 
sustainable than plain concrete in the material phase as the production of a unit of nano TiO2 has 
a much higher carbon footprint compared to a unit of cement (Titanium Dioxide Manufacturers 
Association, 2013). Moreover, the cost of nano TiO2 is also higher than cement (Hassan, 2010), 
and thus it is essential to maximize the use phase sustainability of photocatalytic concrete to justify 
its large scale application on roadways.  
The long term air pollutant removal performance of photocatalytic concrete is affected by 
contaminant deposits on the concrete surface, and self-cleaning property of photocatalytic concrete 
helps to maintain long term air pollutant removal performance by keeping the surface cleaner. 
Thus, self-cleaning and air pollutant removal properties are complementary to each other and 
improvement in both self-cleaning and air pollutant removal together can improve long term 
performance of photocatalytic concrete.  
1.2. OBJECTIVES 
 Both self-cleaning and NOx removal of photocatalytic concrete has been demonstrated in 
the lab and field setting. However, there are still gaps in understanding how various binders in 
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different environments perform regarding NOx removal and self-cleaning efficiency. For example, 
use phase performance of alternative cementitious materials containing nano TiO2 has not been 
presented in the literature. In this study, both NOx removal and self-cleaning performance of 
Calcium Sulfoaluminate Belite (CSAB) cement was evaluated. The different mix designs for both 
NOx removal and self-cleaning were selected to provide new insights into the reaction mechanisms 
behind NOx removal and self-cleaning. 
In chapter 2, cement paste specimens containing white OPC, CSAB cement, class C fly 
ash, and nano TiO2 at different proportions were tested for photocatalytic NOx removal to 
determine the effect of using CSAB cement instead of OPC, replacing cement with fly ash, and 
increasing nano TiO2 content. The samples were tested to evaluate how carbonation affects the 
NOx removal rate for different cementitious binders. Different phases present in the CaCO3 
generated from carbonation of the samples were quantified through the internal standard method, 
a semi-quantitative XRD test. Band edge energy, Urbach energy, and photoconductance of all the 
samples were also evaluated. 
In chapter 3, mortar specimens containing OPC, CSAB cement, recycled clear fine glass, 
class F fly ash, and nano-TiO2 at different proportions were tested for the self-cleaning efficiency 
to quantify the effect of using CSAB cement instead of OPC, replacing cement with fly ash, 
replacing sand with fine clear recycled glass aggregates, and increasing nano-TiO2 content. The 
self-cleaning efficiency was quantified through the amount of Rhodamine B (RhB) dye 
degradation as per UNI 11259. The reaction pathway and mechanism of RhB degradation for 
different mortar samples were studied and explained from the reflectance data obtained from a 
spectrophotometer to explain the effect of different mortar constituents on self-cleaning efficiency.   
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  In chapter 4, use phase benefits of multi-functional concrete overlays over plain concrete 
overlays were evaluated with respect to vehicular pollution, Urban Heat Island (UHI) effect, and 
building energy consumption. Two different cement binders consisting of gray and white cement 
with and without TiO2 were compared. For vehicular pollutant removal, only NOx, SOx, and 
toluene removal by photocatalytic concrete were considered in this study. UHI effect was 
evaluated using a micro-scale model. Building energy consumption was evaluated using air 
temperature obtained from the ENVI-met model and empirically-derived relationships. The use 
phase benefits were then converted into ten normalized environmental impact parameters to have 
a better understanding of how photocatalytic concrete can improve use phase sustainability.  
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CHAPTER 2: CARBONATION EFFECTS ON PHOTOCATALYTIC NOx REMOVAL 
OF CALCIUM SULFOALUMINATE-BELITE CEMENT 
 2.1. INTRODUCTION 
Addition of nano titanium dioxide (TiO2) to concrete (photocatalytic concrete) in 
sustainable infrastructure development has been explored worldwide in the 21st century because 
of its self-cleaning and air pollutant removal ability. Among the air pollutants removed by 
photocatalytic concrete, NOx removal is of interest because of its harmful health effects and 
contributions to smog, acid rain, and tropospheric ozone.  
NOx removal ability of different photocatalytic cementitious materials has been extensively 
demonstrated (Chen et al., 2011; Chen and Poon, 2009b, 2009c; Folli, 2010; Guo et al., 2012; 
Hüsken et al., 2009; Lucas et al., 2013). White photocatalytic OPC has higher NOx removal ability 
compared to gray photocatalytic OPC because of lower absorbance (Poon and Guo, 2015), whereas 
addition of fly ash and slags decreases the NOx removal as a result of lower pore solution pH 
(Jimenez-Relinque et al., 2015). However, the NOx removal performance of TiO2 enhanced 
alternative cementitious binders has not been evaluated. Calcium Sulfoaluminate Belite (CSAB) 
cement is one of the alternative cementitious binders that reduces CO2 footprint relative to OPC 
manufacturing because the peak kiln temperature and the time required in the kiln for the formation 
of the phases in CSAB cement are lower than OPC (Chen and Juenger, 2011). Additionally, CSAB 
cement has higher strength gain rate (Glasser and Zhang, 2001) and lower shrinkage (Juenger et 
al., 2011). Like OPC, addition of TiO2 to CSAB accelerates the early age hydration rate by acting 
as a nucleation seed (Land and Stephan, 2015; Lee and Kurtis, 2010; Ma et al., 2015).    
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2.1.1. TiO2 Mechanism and Efficiency 
Nano TiO2 in the presence of light source with energy higher than the activation energy of 
TiO2 becomes excited and releases electrons that form superoxide or hydroxyl radical in the 
presence of oxygen and water, respectively. The superoxide and hydroxyl radical can “clean” the 
air by oxidizing NOx presence into nitrates. Jimenez-Relinque et al. (2017) showed that addition 
of nano TiO2 to cement creates localized energy defect states, which leads to change in optical 
properties such as band edge energy and Urbach energy. Different types of cement and aggregates 
affect band edge energy and Urbach energy differently, and these optical parameters can be used 
to explain some NOx removal performances. However in some cases, the chemical properties of 
cementitious binders dominate over the optical properties (Laplaza et al., 2017). 
Photocatalytic removal of NOx does not consume nano TiO2 present in the concrete, and 
thus theoretically, photocatalytic concrete should be able to remove NOx throughout its lifetime. 
However, NOx removal performance decreases over time. Long-term NOx removal performance 
of photocatalytic concrete is affected by two significant factors: (1) contaminants and nitrate 
deposits present on concrete surface and (2) carbonation of concrete.  Washing the photocatalytic 
surface with water can clean the surface and restore the NOx removal efficiency to or near the level 
before contamination (Boonen and Beeldens, 2013). Conversely, carbonation of exposed concrete 
is an irreversible and unavoidable process and more difficult to control. The exact reasons behind 
carbonation decreasing NOx removal are not very well understood. Based on self-cleaning tests, 
researchers hypothesized that nano TiO2 reaction sites are blocked by calcium carbonate 
byproducts generated by carbonation of concrete (Diamanti et al., 2013; Hanson, 2014). On the 
contrary, Chen and Poon, (2009b) argued that carbonation decreases NOx removal rate because of 
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a decrease in porosity by carbonation of the surface concrete. It is well known that carbonation 
decreases porosity as the volume of calcium carbonate formed is approximately 11% higher than 
calcium hydroxide, and that decrease in porosity decreases NOx removal efficiency (Ishida and 
Maekawa, 2001). King, (2016) showed that cement replacement by class C fly ash could be used 
to decrease the impact of carbonation on photocatalytic efficiency.  
In this chapter, cement paste specimens containing white OPC, CSAB cement, class C fly 
ash and nano TiO2 at different proportions were tested to quantify the photocatalytic NOx removal 
of using CSAB cement instead of OPC, replacing cement with fly ash, and increasing nano TiO2 
content. The samples were tested both in the carbonated and noncarbonated state to evaluate how 
carbonation affects the NOx removal rate for different cementitious binders. Different phases 
present in the CaCO3 generated were quantified through XRD using the internal standard method 
(Cullity and Stock, 1956).  Band edge energy, Urbach energy, and a parameter related to 
photoconductance of all the photocatalytic cementitious samples were also evaluated from the 
spectrophotometer testing to understand how different hydrated cementitious materials in both 
carbonated and noncarbonated state affect the photoactivation of the nano TiO2 particles present 
in the sample.   
2.2. EXPERIMENTAL METHODOLOGY 
2.2.1. Sample Preparation and Test Matrix 
Photocatalytic cement paste specimens were prepared following (ASTM, 2014) with a 
surface area of 100mm × 50 mm, complying with ISO 22197-1 for laboratory photoreactor testing. 
Specimens were made with both white OPC and CSAB cement, in which nano TiO2 powder was 
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added. The nano TiO2 powder consisted of anatase polymorph (95.4% TiO2 content, 85.6m
2/g 
surface area) and was added following the procedure mentioned in Jayapalan et al., (2015). Mix 
designs were varied based on cement type, TiO2 content, and fly ash replacement rate. Paste 
samples were prepared with TiO2 replacement rates of 0%, 2.5%, and 5% of the total cementitious 
content to study the effect of anatase content on NOx removal efficiency. For each cement type, 
specimens containing 0% and 15% replacement with fly ash were prepared to measure their 
photocatalytic efficiency. The oxide compositions of the different binders measured using EDXRF 
are shown in Table 2.1. Specimens were made at 0.4 and 0.6 water to binder (w/b) ratio to verify 
the effect of surface porosity on NOx removal.  
Table 2.1: Oxide compositions of the different cementitious binders 
Oxide CSAB White cement Class C fly ash 
 Weight (%) 
CaO 44.91 63.12 26.51 
Al2O3 19.99 4.16 20.06 
SO3 17.89 5.32 3.07 
SiO2 15.22 24.64 40.30 
Fe2O3 0.71 0.12 6.11 
Na2O - - - 
K2O 0.60 0.68 2.11 
TiO2 0.49 0.23 0.77 
MgO - 1.42 - 
The cement paste samples were stored in a humidity chamber for one day before demolding 
and then moist cured for an additional 56 days. After moist curing, samples marked for artificial 
carbonation were kept in a CO2 incubator for 28 days maintaining CO2 content at 5%, temperature 
at 25±2oC, and relative humidity between 50-60%. Non-carbonated samples were kept in a room 
with temperature and humidity similar to the CO2 incubator. Table 2.2 lists the different mixes 
tested in this chapter along with their mixture nomenclatures. In the mix name, the first part 
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represents cement type (W for white OPC and C for CSAB cement), the second part represents 
w/b ratio (W4 and W6 represent w/b =0.4 and w/b=0.6 respectively), the third part represents TiO2 
content (T0, T2.5 and T5 represent 0%, 2.5%, and 5% TiO2 content respectively), and the last part 
represents fly ash content (F0 and F15 represent 0% and 15% fly ash content, respectively). 
Table 2.2: Details of samples tested 
Mix Name Cement Type w/b TiO2 (%) FA (%) 
W_W4_T0_F0 White OPC 0.4 0 0 
C_W4_T0_F0 CSAB 0.4 0 0 
W_W4_T2.5_F0 White OPC 0.4 2.5 0 
C_W4_T2.5_F0 CSAB  0.4 2.5 0 
W_W4_T2.5_F15 White OPC 0.4 2.5 15 
C_W4_T2.5_F15 CSAB  0.4 2.5 15 
W_W6_T2.5_F15 White OPC 0.6 2.5 15 
C_W6_T2.5_F15 CSAB  0.6 2.5 15 
W_W4_T5_F15 White OPC 0.4 5 15 
C_W4_T5_F15 CSAB  0.4 5 15 
2.2.2. Extent of Carbonation 
After 28 days of carbonation, XRD was performed to estimate the amount of CaCO3 in the 
samples containing nano TiO2. The samples for XRD tests were obtained from the hardened paste 
samples within 5 mm depth from the surface. There are three common polymorphs of CaCO3, 
namely Calcite, Vaterite, and Aragonite. Calcite is the most stable polymorph of CaCO3, and has 
a trigonal-hexagonal crystal system (Mineralogical Society of America, 2017). Vaterite has a 
hexagonal crystal system, and it converts to Calcite or Aragonite under exposure to water 
(Mineralogical Society of America, 2017). Aragonite has orthorhombic crystal system and 
converts to calcite at around 400oC (Mineralogical Society of America, 2017). The total amount 
of CaCO3 present in the sample was taken to be equal to the sum of the amount of Calcite, Vaterite 
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and Aragonite present. The quantification of each polymorph of CaCO3 was performed using the 
internal standard method. Given the known quantity of anatase in the cement paste, TiO2 was used 
as the internal standard. The 2-theta and maximum intensity values for the different polymorphs 
of CaCO3 and anatase are given in Table 2.3. The amount of a phase 𝛽 can be given as: 
𝐼𝛼
𝐼𝛽
=
𝐾𝛼
𝐾𝛽
𝑋𝛼
𝑋𝛽
          (1) 
Here, 𝐼𝛼 and 𝐼𝛽 are the absolute intensity at 2-theta values corresponding to substance 𝛼 
and 𝛽 respectively. 𝑋𝛼 and 𝑋𝛽 are the weight fraction of substance 𝛼 and 𝛽, respectively. 𝐾𝛼 and 
𝐾𝛽 (shown in Table 2.3) are the maximum absolute intensity per unit volume of pure phase 𝛼 and 
𝛽 respectively.  𝐼𝛼 and 𝐼𝛽 can be obtained directly from the XRD pattern. If 𝛼 is taken to be the 
internal standard, 𝑋𝛼 is known, and thus 𝑋𝛽 can be calculated.  
Table 2.3: XRD parameters for quantifying carbonation 
Phase 2 theta (o) Max absolute Intensity/volume2 (K) Source 
Calcite 29.42 26.50717622 (Graf, 1961) 
Vaterite 26.64 11.48398665 (Wang and Becker, 
2009) 
Aragonite 26.24 9.801014497 (De Villiers, 1971) 
Anatase 25.33 60.40086703 (Howard et al., 1991) 
From Table 2.3, the region of interest of XRD spectrum is from the 2-theta value of 25.33o 
to 29.42o. In this chapter, XRD was performed using a Siemens-Bruker D5000 XRD machine with 
copper (Cu) Kα radiation at 40 keV and 30 mA.  The data was collected for 2θ values ranging from 
25o to 30o with a step size of 0.02o and scanning rate of 0.25o per minute. The peak of CSH gel occurs 
at a 2-theta value of 29.35o which is very close to the peak of Calcite, and special care was taken to 
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identify the correct Calcite peak. As the peaks of calcite and CSH are very close to each other, Calcite 
content may be overestimated. 
2.2.3. Photocatalytic NOx Removal Test 
Photocatalytic NOx removal testing was carried out according to King, (2016), which 
follows ISO 22197-1 with some modifications recommended by (Jayapalan et al., 2015). The inlet 
NO concentration and test gas flow rate were reduced from 1000 ppb to 500 ppb and 3 L/min to 1 
L/min, respectively. The molded smooth surface of the specimen (Figure 2.1) was exposed to NOx 
gas stream to increase repeatability. The schematic setup of the experiment is shown in Figure 2.2. 
The photographs of individual parts of the setup are included in Appendix A. The spectrum of the 
UV-A light source measured using a room temperature photoluminescence setup is shown in 
Figure 2.3.  The photocatalytic NOx degradation test was carried out on three specimens for each 
mix design in both carbonated and noncarbonated condition. 
  
Figure 2.1: Photographs represent CSAB paste (left) and white OPC (right) samples, respectively. 
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Figure 2.2: Test setup for Photocatalytic NOx Removal from King, (2016)  
 
Figure 2.3: Spectrum of the UV Lamp in the photocatalytic NOx degradation test. 
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The quantity of NOx removed by each test sample was characterized by the photocatalytic 
efficiency factor, PEF (μmol/m2∙hr) (Chen and Poon, 2009b; Jayapalan et al., 2015; Poon and Guo, 
2015). PEF was calculated according to Equation 2. 
𝑃𝐸𝐹 =
𝑓
22.4×𝐴×𝑡
∫ ([𝑁𝑂𝑥]𝑖𝑛 − [𝑁𝑂𝑥]𝑜𝑢𝑡)𝑑𝑡
𝑡
0
       (2) 
where f is flow rate (L/min), A is sample’s projected surface area (m2), t is the test time 
(hr), [NOx]in is the inlet NOx concentration (ppm), and [NOx]out is the outlet NOx concentration 
(ppm) from the photoreactor chamber. [NOx]out concentrations were measured continuously with 
an 11 second averaging time and integrated over the total test time of 5 hours to calculate PEF.   
2.2.4. Optical Property Measurement 
A Cary 5G and 5000 UV-Vis-NIR spectrophotometer were employed to measure the 
reflectance of the unhydrated binders in powder form and the paste samples, respectively. The 
reflectance was measured from 280 to 2600 nm at a scan rate of 600 nm/min for both the Cary 
5000 and the Cary 5G spectrophotometer. The reflectance data was then converted to absorption 
spectra using Kubelka-Munk equation. 
𝐹(𝑅) = (1 − 𝑅)2/2𝑅          (3) 
Where F(R) is the Kubelka-Munk function and R is the reflectance of the sample.  
The band edge energy 𝐸𝑔 of the samples was evaluated using Tauc plot, which involves 
plotting [𝐹(𝑅)ℎ𝜈]1/2 against ℎ𝜈, where ℎ is the Plank’s constant and 𝜈 is the frequency of the 
light. 𝐸𝑔 is taken as the point of intersection between the tangent line of edge of [𝐹(𝑅)ℎ𝜈]
1/2 and 
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the x axis as shown in Figure 2.4. The calculated slope of the tangent line (𝑀) increases with 
photoconductance of the sample (Frova and Selloni, 1985; Sakata et al., 1981).   
 
 
 
 
 
 
Figure 2.4: Schematic diagram showing determination of 𝐸𝑔. 
Perfect semiconductor crystals absorb photons with energy below 𝐸𝑔 in very minimal 
amount. However, if the semiconductor contains defects, absorption (𝛼) of photons with energy 
below 𝐸𝑔 decreases exponentially with decrease in energy of the photon, creating an absorption 
tail called Urbach tail. Jimenez-Relinque et al., (2017) showed that 𝛼 in photocatalytic cement 
follows the Urbach tail and 𝛼 changes with energy of the photon (ℎ𝜈) according to the following 
equation when ℎ𝜈 is just below 𝐸𝑔: 
𝛼 = exp (
ℎ𝜈
𝐸𝑢
)           (4) 
Where 𝐸𝑢 is Urbach energy. In terms of 𝐹(𝑅), 𝐸𝑢 can be given by: 
𝐹(𝑅) = 𝐹𝑜 exp (
ℎ𝜈
𝐸𝑢
)          (5) 
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Where 𝐹𝑜 is a constant. In this chapter, 𝐸𝑢 was calculated by plotting ln(𝐹(𝑅)) against ℎ𝜈 
for energy range of 3 to 2.1 eV (Jimenez-Relinque et al., 2017) and fitting a straight line and taking 
the inverse of the slope of the fitted straight line (Figure 2.5).  
 
 
 
 
 
 
Figure 2.5: Schematic diagram showing determination of Urbach energy (𝐸𝑢) 
Since UV-A light with wavelengths roughly between 315 nm and 385 nm activates the 
anatase nanoparticles, a new reflectance parameter was created called “Effective UV-A 
Reflectance (EUVAR),” EUVAR was calculated by averaging reflectance of the sample over 315 
to 385 nm with weights proportional to the intensity of the UV-A lamp over this wavelength range 
as shown below: 
𝐸𝑈𝑉𝐴𝑅 =
∑ 𝑅𝑠(𝜆)𝐸(𝜆)Δ𝜆
∑ 𝐸(𝜆)Δ𝜆
         (6) 
Here 𝜆 is the wavelength, 𝑅𝑠(𝜆) is the reflectance of the sample measured from the 
spectrophotometer, 𝐸(𝜆) is the spectral irradiance of the UV-A light source, and Δ𝜆 is the interval 
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in wavelength for which reflectance of the sample is available. In this chapter, the 
spectrophotometer provided reflectance data at 1 nm interval, thus, Δ𝜆 =1 nm. 
The optical properties, i.e., band edge energy, Urbach energy, M, and EUVAR were 
calculated for all the photocatalytic samples mentioned in Table 2.2 in both noncarbonated and 
carbonated state. 
2.3. RESULT AND DISCUSSION 
2.3.1. Characterization of CaCO3 Generated by Carbonation 
Figure 2.6 shows a representative XRD pattern after baseline correction. Table 2.4 shows 
the amount of Calcite, Vaterite, Aragonite, and the total amount of CaCO3 present in the sample 
(sum of Calcite, Vaterite, and Aragonite). The amounts in Table 2.4 are percentage weights of the 
total crystalline material present in the system. Only qualitative conclusions were drawn from the 
phase analysis of CaCO3 as the percentage of different phases were calculated based on a single 
peak method, which has high error compared to a full spectrum analysis like Rietveld analysis. In 
the next subsections, effects of binder compositions and w/b ratio on carbonation are discussed.  
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Figure 2.6: XRD pattern of a representative carbonated sample (W_W4_T2.5_F15) 
Table 2.4: Different polymorphs of CaCO3 present in carbonated photocatalytic samples by weight 
Mix Name Calcite  Vaterite Aragonite Total CaCO3  
% % % % 
W_W4_T2.5_F0 10.14 6.48 0.00 16.62 
W_W4_T2.5_F15 10.02 5.36 0.00 15.38 
C_W4_T2.5_F0 9.17 0.56 8.20 17.92 
C_W4_T2.5_F15 9.67 1.04 8.05 18.76 
W_W6_T2.5_F15 10.43 7.27 0.00 17.70 
C_W6_T2.5_F15 11.20 0.86 9.67 21.73 
W_W4_T5_F15 8.87 4.18 0.00 13.04 
C_W4_T5_F15 7.68 1.22 7.12 16.02 
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2.3.1.1. Carbonation of White Cement Samples 
In the carbonated white OPC samples, only Calcite and Vaterite phases were observed. 
Even though CO2 carbonates both hydrates and unhydrated cement particles, carbonation of 
hydrated phases were considered in this chapter because of the 56 days of moist curing prior to 
carbonation. In hydrated OPC, Calcium Silicate Hydrate (CSH) and Calcium Hydroxide (CH) are 
the major compounds, whereas in hydrated CSAB cement, ettringite, CH, and CSH are the major 
compounds. It is well established that carbonation of CH and CSH occurs simultaneously 
(Castellote et al., 2009; Morandeau et al., 2014) in hydrated OPC. Moreover, carbonation behavior 
of white OPC is similar to gray OPC (Kirchheim et al., 2015).  
Carbonation of concrete is a well-researched topic because of its implication on rebar 
corrosion. Alite is the major component of OPC and researchers sometimes use alite to represent 
the behavior of cement. Slegers and Rouxhet, (1976) studied the carbonation of hydrated alite and 
found that Vaterite and Aragonite polymorphs are formed with the amount of Aragonite being 
more significant for samples with a very low degree of hydration. On the contrary, Groves et al., 
(1990) found that carbonated alite had Calcite or Vaterite polymorph. Interestingly, the same 
authors observed that CaCO3 was present almost entirely in Calcite form in carbonated, hydrated 
OPC samples in a paper published in 1993 (Richardson et al., 1993). Castellote et al., (2009) also 
reported the formation of Calcite polymorph of CaCO3 after carbonation of hydrated OPC samples. 
Different researchers have reported different phases present in carbonated OPC samples probably 
because studies of carbonation are performed under different conditions (Ashraf, 2016; Pacheco 
Torgal et al., 2012). A few studies examined carbonation of individual phases of hydrated OPC, 
i.e., CH or CSH. Suzuki et al., (1985) studied carbonation of synthetically generated CSH at 
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different Ca/Si ratios and found that only Calcite polymorph of CaCO3 is formed. Carbonation of 
pure CH had Calcite as the most stable phase (Ruiz-Agudo et al., 2013; Vance et al., 2015). In the 
present study, only Calcite and Vaterite was observed with Calcite being the dominant phase in 
the carbonated white photocatalytic OPC samples.  
 2.3.1.2. Carbonation of CSAB Samples 
In this study, the carbonated CSAB samples had a higher total amount of CaCO3 content 
compared to the carbonated white OPC samples. This observation agrees with literature (Quillin, 
2001). Ettringite present in the hydrated CSAB paste carbonated faster (Quillin, 2001; Zhang et 
al., 2009), than the OPC samples.  
A few studies evaluated phases of CaCO3 formed because of carbonation of CSAB cement 
with conflicting results observed in the literature. In the present study, the major CaCO3 phases 
were Calcite and Aragonite in the CSAB samples, with a trace amount of Vaterite being present. 
Quillin, (2001) found that after 720 days of natural carbonation of CSAB cement, Calcite and 
Aragonite phases were formed with Calcite being more dominant. Nishikawa et al., (1992) studied 
carbonation of synthetic ettringite in powder form and observed that almost all the ettringite in the 
sample was consumed to form gypsum after three days of carbonation forming Vaterite polymorph 
of CaCO3. However, at later ages, Aragonite was also formed with Aragonite polymorph becoming 
the most dominant phase. The present study had major amount of Aragonite in the carbonated 
CSAB samples, which supports the literature (Quillin, 2001; Zhang et al., 2009) that ettringite 
present in CSAB becomes carbonated. 
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 2.3.1.3. Effect of Fly Ash Content on Carbonation 
In the past studies, carbonation depth of concrete with fly ash was higher than those with 
plain cement, especially at very high replacement rates. This has been attributed to the lower pore 
solution pH of fly ash concrete as fly ash absorbs more alkali ions when forming CSH through 
pozzolanic reaction (Mindess et al., 2002). However, at less than 30% replacement and with 
sufficient cement content (more than 250 kg/m3), the carbonation depth of fly ash concrete was 
similar to that of plain concrete (Schubert, 1987). Thomas and Matthews, (1992) also found that 
carbonation depth did not change significantly up to 30% fly ash replacement. Moreover, 
Khunthongkeaw et al., (2006) observed that change in depth of carbonation is insignificant up to 
10% fly ash replacement. In the present study shown in Table 2.4, no apparent effect of cement 
replacement with fly ash was observed probably because of a relatively low replacement rate 
(15%).   
 2.3.1.4. Effect of TiO2 Content on Carbonation 
In the present study, increasing TiO2 content from 2.5% to 5% decreased the total amount 
of CaCO3 formed when other mix design parameters are not changed. Diamanti et al., (2013) 
studied carbonation of photocatalytic concrete with different TiO2 content and w/c ratio. Increasing 
TiO2 content of concrete increased the depth of carbonation for both w/c ratios of 0.52 and 0.69. 
However, TiO2 was an addition to the cementitious material in (Diamanti et al., 2013) and not a 
replacement as in this chapter. The probable reason behind lower carbonation in samples with 
higher TiO2 content is that TiO2 replaced binders in this study which decreased the total amount 
of calcium present in the system with higher TiO2 replacement rate. Another reason could be that 
increasing nano TiO2 content decreased the porosity, which led to a lower amount of carbonation. 
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 2.3.1.5. Effect of w/b Ratio on Carbonation 
There was a small increase in total amount of CaCO3 formed when w/b ratio was increased 
to 0.6 from 0.4. This agrees with the literature as higher w/c increases porosity, which in turn 
increases carbonation depth observed for plain concrete in multiple studies (Shi et al., 2009; Song 
and Kwon, 2007).  
 2.3.2. Photocatalytic NOx Removal Test 
Figure 2.7 is a representative plot showing how NO, NO2 and NOx concentration in the air 
coming out of the photoreactor chamber changes with time. In the first 30 minutes, the NOx and 
NO concentration was very close to 500 ppb (the inlet NOx concentration) because the UV light 
was off leading to no photocatalytic NOx degradation. After 30 minutes, the UV light was turned 
on and there was a sharp decreases in NOx and NO concentration as NOx started to oxidize in 
presence of activated TiO2. The NO and NO2 concentration increased very slowly over time 
showing a slow decrease in photoactivity of the sample. This trend was observed in most of the 
samples. 
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Figure 2.7: NOx removal test result for carbonated sample C_W6_T2.5_F15  
The NOx removal performance of the all ten mixtures in both carbonated and 
noncarbonated state is shown in Figure 2.8. CSAB cement performed below white OPC with the 
difference in PEF lower in the mixes containing fly ash compared to the mixes without fly ash. 
Among the mixes containing white cement, PEF with w/b =0.6 was higher than the mixes with 
w/b =0.4. The PEF decreased with carbonation for all the mixes and the decrease in PEF with 
carbonation was higher in the mixes with w/b =0.6 compared to the mixes with w/b =0.4. 
Replacing binder by 15% fly ash decreased the PEF in noncarbonated state, but it helped to 
mitigate the reduction in PEF due to carbonation. 
UV Light On 
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Figure 2.8: PEF of White Cement and CSAB cement with and without TiO2 and fly ash and two 
w/b ratio (04 and 0.6). Standard deviation shown in error bars. 
 2.3.3. Optical Property Measurement 
Table 2.5 shows the calculated parameters from section 2.3 for the samples containing TiO2 
in both noncarbonated and carbonated state.  The activation energy of the nano TiO2 was found to 
be 3.17 eV. The activation energy of most of the photocatalytic samples was less than 3.17 eV 
demonstrating the occurrence of defects in TiO2 crystal in presence of hydrated cementitious 
material. This was confirmed from the Urbach tail observed in all the specimens. However, no 
particular trend was observed in activation energy or Urbach energy with respect to mix 
composition.  
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The value of M and EUVAR increased and decreased, respectively, after 28 days of 
carbonation for all samples containing nano TiO2. EUVAR was also noticed to decrease with 
carbonation using the data from King, (2016) because EUVAR of pure CaCO3 was higher than 
EUVAR of pure CH. The increase in M with carbonation represents an increase in photo-
conductance. An increase in photo-conductance reduces the chance of electron hole-pair 
recombination and thus increases the photoactivity of the sample as observed in Serpone et al. 
(1994). The reason behind the increase in M could be the reduction in pore solution pH because of 
carbonation. In some of the photocatalysts, for example in case of CdS (a photocatalyst similar to 
TiO2 that can oxidize NOx), the photoconductance increases with a decrease in pH at very alkaline 
condition (pH around 12) (Al-Jawad, 2009). However, NOx removal decreased with carbonation 
for all the specimens in the present study and the decrease in NOx removal with carbonation is also 
seen in literature. As a result, it can be concluded that in case of carbonation, a decrease in porosity 
or TiO2 being covered with CaCO3 prevails over the optical property change. Using M as a 
representative of photo-conductance is not done frequently in literature since more direct methods 
to measure photoconductance are available. In future, measuring the change in photoconductance 
because of carbonation through experimental methods such as electrophotographic or transit 
methods discussed in detail in Mylnikov, (1994) should be performed to verify this result.  
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Table 2.5: Optical properties of photocatalytic samples calculated from the reflectance data 
Mix Name 
Noncarbonated Carbonated 
M 
Urbac
h 
Activatio
n energy 
EUVA
R 
M Urbach 
Activatio
n energy 
EUVA
R 
Units (1/eV)0.5 eV eV  (1/eV)0.5 eV eV  
W_W4_T2.5_F0 3.29 1.06 3.14 0.47 11.90 1.15 3.13 0.31 
C_W4_T2.5_F0 5.77 1.64 3.16 0.37 18.29 1.67 3.15 0.21 
W_W4_T2.5_F15 6.18 1.45 3.15 0.43 10.50 0.74 3.11 0.27 
C_W4_T2.5_F15 13.79 0.96 3.10 0.36 17.58 1.29 3.19 0.23 
W_W6_T2.5_F15 16.37 1.87 3.13 0.41 28.59 1.54 3.12 0.29 
C_W6_T2.5_F15 7.80 1.12 3.17 0.33 12.62 1.58 3.13 0.25 
W_W4_T5_F15 5.70 1.73 3.12 0.42 7.78 1.68 3.06 0.35 
C_W4_T5_F15 8.54 1.48 3.17 0.35 16.45 0.92 3.22 0.32 
2.3.4. Effect of Mix Parameters on NOx Removal in Noncarbonated Samples 
2.3.4.1. Effect of w/b on PEF 
Increase in w/b ratio from 0.4 to 0.6 for both cement types increased PEF tremendously 
(Figure 2.9) because of the increase in porosity of the paste samples. Multiple studies have shown 
that a decrease in porosity decreases NOx removal (Chen and Poon, 2009b; Lucas et al., 2013; 
Sugrañez et al., 2013). 
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Figure 2.9: Effect of w/b on PEF (standard deviation shown with error bars) 
2.3.4.2. Effect of Cement Type on PEF 
The PEF of the CSAB samples were lower than the white cement samples with same w/b, 
TiO2 amount, and fly ash content (Figure 2.10). Two different explanations can provide an answer 
for this behavior. Firstly, the pH of the pore solution of CSAB cement paste is expected to be lower 
than that of OPC, as shown by Chaunsali (2015). At low pH, the superoxide radical generated by 
the activated TiO2 may have a lower tendency to react with NO2
-/NO couple as discussed in 
(Jimenez-Relinque et al., 2015).  Secondly, the EUVAR of the CSAB samples was lower than the 
white cement samples as shown in Table 2.5. A lower diffused reflectance implies lower UV-A 
reflectance and albedo, which may be the reason behind a lower NOx removal. Past researches 
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have attributed higher diffused reflectance of white cement to be the reason behind white 
photocatalytic cement having higher NOx removal than gray photocatalytic cement (King, 2016; 
Poon and Guo, 2015).  
 
Figure 2.10: Effect of cement type on PEF (standard deviation shown with error bars) 
2.3.4.3. Effect of Fly Ash Replacement on PEF 
Replacing cement with fly ash decreased the PEF as shown in Figure 2.11, which is 
consistent with the previous literature (Jimenez-Relinque et al., 2015). This behavior could be 
attributed to a lower pH of the pore solution of the samples containing partial replacement with fly 
ash as noted by others (Chappex and Scrivener, 2012; Rayment, 1982; Thomas et al., 1991) 
compared to the 100% cement samples. .    
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2.3.4.4. Effect of TiO2 Content on PEF 
The samples with 0% TiO2 showed minimal NOx removal because a photocatalyst such as 
TiO2 is necessary for NOx removal in the presence of UV light. In general and from previous 
studies increasing TiO2 content in the cementitious material should increase the NOx removal 
performance (Chen and Poon, 2009b; Poon and Guo, 2015). However, in the present study, 
increasing amount of TiO2 from 2.5% to 5% decreased PEF (Figure 2.12) for the noncarbonated 
CSAB samples. The PEF of the noncarbonated white OPC samples with 5% TiO2 was higher than 
the noncarbonated white OPC samples 2.5% TiO2 content, but the difference was not statistically 
significant (p value 0.324). However, there have been a few studies (Diamanti et al., 2013; Lucas 
et al., 2013) reporting increased TiO2 content beyond 2.5% did not increase the NOx removal. The 
most probably reason for this behavior is agglomeration of the nano TiO2 particles.  
 
  Figure 2.11: Effect of fly ash replacement of cement on PEF (standard deviation is shown in error 
bars) 
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Figure 2.12: Effect of TiO2 content on PEF for both white and CSAB cement pastes (standard 
deviation is shown in error bars) 
 2.3.5. Effect of Mix Parameters on Reduction in NOx Removal by Carbonation  
2.3.5.1. Effect of w/b and carbonation on PEF 
Increase in w/b ratio from 0.4 to 0.6 increases the reduction in PEF as a result of 
carbonation (Figure 2.13). As discussed before, multiple studies have shown that an increase in 
w/b increases carbonation (Song and Kwon, 2007). As the porosity of the sample increases (higher 
w/b), the effect of carbonation will also be greater as seen in section 2.3.1.5, and thus the PEF drop 
is expected to be larger.  
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2.3.5.2. Effect of Cement Type and carbonation on PEF  
The decrease PEF by carbonation was lower in the CSAB samples than the white OPC 
samples with same w/b, TiO2, and fly ash content (Figure 2.13). As discussed in section 2.3.1.2., 
CSH and CH are the primary compounds that become carbonated in OPC sample, whereas 
ettringite and CH are the primary compounds that carbonate in CSAB samples. In the carbonation 
experiment, it was observed that CaCO3 amount generated in CSAB samples was higher than the 
OPC samples and therefore, a greater reduction in PEF is expected with carbonation for the CSAB 
samples compared to the white OPC samples. However, increase in amount of CaCO3 does not 
necessarily mean higher reduction in porosity because reduction in porosity depends on the 
componds that are carbonated and the final product after carbonation. The compounds that are 
carbnated in CSAB samples are different from the compounds that are carbonated in OPC samples. 
The density of ettringite is close to 1.78 g/cc, whereas density of CSH gel is 2.6 g/cc (for Ca/Si 
ratio of 1.7) (Suda et al., 2015), and thus carbonation of ettringite may cause much less expansion 
compared to that of CSH, even with a higher amount of carbonation. 
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Figure 2.13: Effect of Carbonation on percent decrease in PEF  
2.3.5.3. Effect of fly ash replacement and carbonation on PEF 
Replacing cement with fly ash decreased the reduction in PEF by carbonation when the 
TiO2 content and w/b were held constant. This finding is consistent with the previous testing by 
King (2016).  
2.3.5.4. Effect of TiO2 content and carbonation on PEF 
Increasing TiO2 content from 2.5% to 5% increased the reduction in PEF (Figure 2.13) 
because of carbonation for both the white OPC and the CSAB samples, but the effect of TiO2 
content was less for the CSAB samples. This contradicts the literature (Diamanti et al., 2013; King, 
2016) that overserved a lower decrease in PEF by carbonation of the OPC samples containing a 
higher amount of TiO2. However in both of the previous studies, non-carbonated mortar or 
concrete samples were cured for only three days and then artificially carbonated for 28 days, 
whereas in this research, noncarbonated paste samples were cured for 56 days before putting it in 
the carbonation chamber for 28 days. The lower degree of hydration of the noncarbonated samples 
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studied in the literature may be the cause of the lower decrease in PEF after carbonation of the 
samples with high TiO2 content.  
2.4. CONCLUSION 
Photocatalytic concrete containing nano TiO2 can be used to remove NOx present in the air 
and thus reduce the impact on emissions that are harmful to humans. In this chapter, incorporation 
of TiO2 in an alternative cementitious binder, Calcium Sulfoaluminate Belite (CSAB) cement, has 
been studied to understand the suitability of photocatalytic CSAB cement in comparison with 
white photocatalytic OPC. Effect of carbonation on the photocatalytic cements was characterized 
using XRD. NOx removal performance after carbonation was also investigated to evaluate the 
samples long-term performance. Various optical parameters were evaluated to understand the 
effect of the binders on the photocatalyst.  
CSAB cement had lower NOx removal than white cement with same w/b, TiO2, and fly ash 
content. Carbonation decreased NOx removal of both white OPC and CSAB cement. Replacement 
of cement by fly ash decreased NOx removal in the non-carbonated state, but fly ash replacement 
helped to mitigate the adverse effect of carbonation. Increasing w/b from 0.4 to 0.6 increased the 
NOx removal in the noncarbonated state, but NOx removal decreased steeply with carbonation with 
the sample with a higher w/b of 0.6. Increasing TiO2 content from 2.5% to 5% did not have any 
benefits in NOx removal for the paste samples tested.  
Carbonation of photocatalytic CSAB samples showed the presence of Calcite and 
Aragonite as the major CaCO3 phases present, whereas a trace amount of Vaterite was observed. 
On the contrary, carbonation of photocatalytic white OPC samples showed the presence of Calcite 
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and Vaterite as the major CaCO3 phases present with Calcite being the dominant phase without 
any Aragonite. Presence of Aragonite indicated carbonation of ettringite present in the CSAB 
samples. Carbonated CSAB samples had higher amount of CaCO3 than the OPC samples with the 
ettringite being more rapidly carbonated. The total amount of CaCO3 decreased with increase in 
TiO2 content and increased with an increase in w/b for both white OPC and CSAB samples.  
The optical properties of the photocatalytic paste samples were used investigate the effect 
of hydrated cementitious material in both carbonated and noncarbonated state on the nano TiO2 
particles present in the paste samples. The activation energy of most of the photocatalytic samples 
was lower than pure anatase indicating the presence of local defects. A decrease in activation 
energy can increase the NOx removal of photocatalytic concrete in a field setting as a larger part 
of solar spectrum will be able to excite the photocatalyst. Absorbance of all photocatalytic paste 
specimens followed Urbach absorption tail, which is generally observed in semiconductors with 
defects. Observance of Urbach absorption tail confirmed the presence of defects in the nano TiO2 
particles present in the photocatalytic paste samples. Furthermore, the slope magnitude of the Tauc 
plot represents the degree of photoconductance of the sample. Carbonated samples were found to 
have a higher slope than the noncarbonated samples indicating a higher photoconductance. 
Although the photoconductance was higher for carbonated samples, the decrease in porosity with 
carbonation or by CaCO3 covering TiO2 dominates, which leads to a reduction in PEF with 
carbonation. 
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CHAPTER 3: SELF-CLEANING PERFORMANCE OF PHOTOCATALYTIC MORTAR 
WITH GLASS AGGREGATE AND CALCIUM SULFOALUMINATE-BELITE 
CEMENT 
3.1. INTRODUCTION 
Concrete with added nano TiO2 has air pollutant removal   (Cackler et al., 2012; Chen and 
Poon, 2009a) and self-cleaning properties. Large scale implementation of photocatalytic concrete, 
or concrete in general, in pavement construction instead of asphalt reduces urban heat island. TiO2 
releases electron in the presence of ultra-violet light which leads to oxidation of air pollutants like 
NOx and SOx. The majority of NOx emission comes from the transportation sector (Moshammer 
et al., 2005), which makes the NOx concentration near major roads significantly higher than the 
average NOx concentration (City of London Corporation, 2015). Many researchers, particularly in 
Europe and Asia, have shown a significant decrease in NOx concentration by incorporating TiO2 
in concrete pavements (Casar, L.; Beeldens, A.; Pimpinelli, N.; Guerrini, 2007; Hamada et al., 
2004; Spasiano et al., 2015). Presence of dirt, dust, or organic pollutants on the concrete surface 
decreases the NOx removal efficiency (Dylla et al., 2011; Etxeberria et al., 2017) because of the 
added competition to occupy the adsorption sites. Moreover, organic pollutant can also compete 
with the TiO2 reaction sites. Accumulation of dirt and debris on concrete also decreases the albedo 
of the pavement surface (Levinson and Akbari, 2002; Sen, 2015), potentially negating the 
reduction in the urban heat island. The self-cleaning property of TiO2 is an important factor to 
characterize because it helps to maintain a cleaner surface which preserves the higher albedo and 
NOx removal properties of the pavement. 
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A significant number of experimental works both in lab and field environment have been 
performed to characterize self-cleaning of photocatalytic concrete (Diamanti et al., 2015, 2008; 
Ruot et al., 2009; Spasiano et al., 2015). However, the effect of using alternative cementitious 
binders and mineral admixtures instead of OPC, on self-cleaning efficiency has not been studied. 
Calcium Sulfoaluminate Belite (CSAB) cement is one of the alternative cementitious binders that 
has higher strength gain (Glasser and Zhang, 2001) and low shrinkage (Juenger et al., 2011). The 
carbon footprint of CSAB cement is much lower than OPC because peak kiln temperature and 
time required for formation of the phases in CSAB cement is lower than OPC (Chen and Juenger, 
2011). Effect of addition of TiO2 to CSAB and OPC are similar – TiO2 accelerates the early age 
hydration rate by acting as a nucleation seed (Land and Stephan, 2015; Lee and Kurtis, 2010; Ma 
et al., 2015). In this chapter, self-cleaning of photocatalytic mortar specimens with CSAB cement 
and fly ash was studied along with specimens with OPC cement to understand the effect of 
different binders on self-cleaning efficiency.  
Researchers have studied photocatalytic concrete with different constituent materials to 
improve its performance and to make it more broadly applicable.  Chen and Poon, (2009c) have 
shown that clear glass aggregates can increase NOx removal efficiency by threefold because light 
can transmit through the glass aggregate activating more TiO2 particles. A few studies have been 
performed to study NOx removal and self-cleaning efficiency of mortar containing glass aggregate 
(Chen and Poon, 2009b; Guo et al., 2015; Sikora et al., 2015).  Sikora et al., (2015) concluded 
through visual inspection only that adding fine brown waste glass aggregate did not affect self-
cleaning efficiency. Chen and Poon (Chen and Poon, 2009c) found that mortar containing clear 
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glass aggregate is more effective in NOx removal than mortar containing brown glass aggregate, 
which had similar NOx removal as mortar containing just sand.  
Self-cleaning efficiency of mortar samples is generally evaluated through quantifying 
degradation of Rhodamine B (RhB) dye. RhB dye is not very sensitive to the high alkalinity of 
cement (Ruot et al., 2009) and its chemical structure is related to polycyclic aromatic hydrocarbons 
found in the soiling agents in urban environment (Ruot et al., 2009) and thus, RhB can be taken as 
a standard surrogate for the organic pollutants on a concrete surface. Pure nano TiO2 in the 
presence of UV-A light can degrade RhB solution in two different paths: cleavage of chromophore 
structure and N-de-ethylation. The preferred reaction path of RhB degradation depends on the 
reaction surface. Even though the mechanism behind the degradation of RhB through 
photocatalytic oxidation by pure nano TiO2 is well-understood, the mechanism of RhB degradation 
by nano TiO2 present on mortar surface has not been adequately studied. A better understanding 
of the photocatalytic oxidation of RhB on mortar surface can help to design concrete with better 
self-cleaning efficiency.  
In this chapter, mortar specimens containing OPC, CSAB cement, recycled clear fine glass, 
class F fly ash, and nano-TiO2 at different proportions are tested for the self-cleaning efficiency. 
The research testing objectives for self-cleaning efficiency are to quantify the effect of using CSAB 
cement instead of OPC, replacing cement with fly ash, replacing sand with fine clear recycled 
glass aggregates, and increasing nano-TiO2 content. The reaction pathway and mechanism of RhB 
degradation for different mortar samples were studied to explain the effect of different mortar 
constituents on self-cleaning efficiency.  
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3.2. METHODOLOGY 
3.2.1. Materials and Specimens 
Mortar specimen of size 10×5×2 cm consisting of different combinations of CSAB cement, 
OPC, recycled clear fine glass, class F fly ash, and nano TiO2 were cast and evaluated for their 
self-cleaning efficiency. The oxide composition of the glass aggregate, CSAB cement, OPC and 
class F fly were measured using an energy-dispersive x-ray fluorescence (EDXRF) analytical 
system in helium environment that can detect elements with an atomic mass of Sodium (11) or 
higher.  
Photoactivity of a photocatalyst sample depends on the particle size and the polymorph of 
the photocatalyst present in the sample, and the activation energy of the photocatalyst (Kumar and 
Devi, 2011; Schneider et al., 2014). According to the manufacturer, the nano-TiO2 powder had a 
specific surface area of 85.6 m2/g, density 3.78 gm/cc and 95% anatase content. The nano-TiO2 
powder was characterized using XRD to determine if any rutile polymorph of TiO2 was present in 
the sample along with the anatase polymorph.  XRD was performed using a Siemens-Bruker 
D5000 machine with Cu K-alpha radiation with a step size of 0.02o and scanning rate of 1o per 
minute. The average crystal size was determined using the Scherrer equation assuming Scherrer’s 
constant to be 0.9. The activation energy of the nano TiO2 powder was calculated by using the 
Kubleka-Munk function from the diffused reflectance spectrum to make Tauc plot  (Tauc, 1968) 
according to the method discussed in detail in (Folli et al., 2012; Lin et al., 2006).  
Ordinary Portland cement (OPC) and CSAB cement were used in the self-cleaning 
experiment mortar specimens with 0%, 2.5% and 5% of total cementitious binder replaced by 
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nano-TiO2. Class F fly ash replaced 0%, 10% and 20% of the total cementitious binder while clear 
recycled glass aggregate of size lying between mesh no. 40 and 80 replaced 0%, 25%, 50%, 75% 
and 100% of total fine aggregate content by mass.  Water to cement ratio of 0.5 and paste volume 
fraction of 0.45 was maintained in all the mixes. The details of all mixes tested are shown in Table 
3.1. The samples for self-cleaning experiments were moist-cured for seven days and then air dried 
for seven days in an indoor environment with relative humidity of about 50-60%.  
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Table 3.1: Details of different mortar mixes studied   
Mix No. Cement Type Class F fly ash (% 
of total binder) 
TiO2 (% of 
total binder) 
Glass aggregate 
(% of total sand) 
1 OPC 0 0 0 
2 50 
3 100 
4 2.5 0 
5 25 
6 50 
7 75 
8 100 
9 5 0 
10 25 
11 50 
12 75 
13 100 
14 10 2.5 50 
15 20 50 
16 CSAB 0 0 0 
17 50 
18 100 
19 2.5 0 
20 25 
21 50 
22 75 
23 100 
24 5 0 
25 25 
26 50 
27 75 
28 100 
29 10 2.5 50 
30 20 
3.2.2. Laboratory Test Method of Self-cleaning Efficiency 
Self-cleaning efficiency was measured per UNI 11259 (Ente Nazionale Italiano di 
Unificazione (UNI), 2008) with some modifications. In this method, a circular area on the sample 
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is marked, and the remaining area of the sample is coated with a hydrophobic liquid to ensure that 
RhB does not go out of the marked area because of the super-hydrophilic property of TiO2. Next, 
a 0.5g/l solution of RhB is applied on the marked area at the rate of 11.4 mg/m2.  After the RhB 
solution dries, the color of the area where RhB was applied is measured in CIEL*A*B* system 
(ASTM, 2015) using a spectrophotometer. The sample is then kept in a black-box under UV-A 
light of intensity 3.75 W/m2 for 26 hours and color is measured again after 26 hours. Figure 3.1 
shows the energy distribution of the UV-A light used in this experiment. The color is again  
measured after 26 hours of exposure to the UV-A light. The standard recommends using a sample 
size of 16×14×4 cm and applying RhB on a marked circular area of 22 cm2 on the finished surface 
of the mortar. However, the size constraint of the spectrophotometer, only a sample of size 10×5×2 
cm was used, and the RhB solution was applied uniformly on a circle with 4 cm diameter.  
 
Figure 3.1: Spectrum of UV-A light used for self-cleaning experiment 
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Figure 3.2: CIEL*A*B* color space 
A color is identified by three coordinates, L*, A*, and B* in the CIEL*A*B* color space 
(Figure 3.2). L* represents the brightness of the sample, a higher value representing more 
brightness. As A* becomes more positive, it becomes redder, and as A* becomes more negative, 
it becomes greener. Similarly, as B* becomes more positive, the color becomes more yellow, and 
as B* becomes more negative, the color becomes bluer. RhB is red, so A* reading is considered to 
evaluate degradation of Rhodamine B. A* value decreases with Rhodamine B degradation. In this 
paper, the A* coordinate was calculated from the diffused reflectance vs. wavelength data per 
ASTM E308 (ASTM, 2015). The self-cleaning efficiency of the samples is quantified by R26, 
which is the relative change in A* values after 26 hours of exposure to UV-A radiation relative to 
the initial value as shown next: 
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𝑅26 =
[𝐴∗(0)−𝐴∗(26)]
𝐴∗(0)
× 100         (1) 
A higher value of R26 implies greater RhB degradation and thus better self-cleaning 
efficiency. UNI 11259 recommends R26 to be greater than 50. The self-cleaning experiment was 
performed for two replicates for each of the mortar mix designs and the average was taken as the 
self-cleaning efficiency of that mix. 
  
Figure 3.3: Photographs of OPC, 0% fly ash, 0% TiO2, 50% glass aggregate mix after 0 hour (left) 
and 26 hours (right) of UV exposure  
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Figure 3.4: Photographs of OPC, 0% fly ash, 5% TiO2, 50% glass aggregate mix after 0 hour (left) 
and 26 hours (right) of UV exposure  
Figure 3.3 and 3.4 show photographs of two different mixes with 0% and 5% TiO2 content 
respectively after 0 and 26 hours of exposure to UV radiation. The sample without any TiO2 did 
not show any distinct color change after 26 hours of UV-A exposure, but the sample with TiO2 
had almost all the redness removed after 26 hours due to photocatalytic degradation of RhB. The 
sample with TiO2 can be expected to have a high self-cleaning efficiecny compared to the sample 
without any TiO2 content. 
 3.2.3. Reaction Mechanism of RhB Degradation on Photocatalytic Mortar Surface 
There are two dominant mechanisms for RhB degradation: N-de-ethylation and cleavage 
of chromophore structure. Both mechanisms require the generation of hydroxyl radical or a 
superoxide ion, i.e., an active oxygen species (Ma and Yao, 1999). In N-de-ethylation path, the 
hydroxyl radical attacks the ethyl group attached to the nitrogen atom of RhB and removes the 
ethyl groups attached to nitrogen in step by step process creating N,N,N-tri-ethylated rhodamine, 
N,N-di-ethylated rhodamine, N-ethylated rhodamine, and rhodamine, respectively (Watanabe et 
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al., 1977). In the other path, the active oxygen species attack one of the aromatic rings in RhB 
causing cleavage of conjugated chromophore structure (Chen et al., 2003). 
A solution of RhB in water has the highest absorbance at a wavelength (λmax) of 555 nm. 
The peak absorbance wavelengths of the compounds generated through N-de-ethylation of RhB 
are lower than RhB, and as a result, N-de-ethylation of RhB shifts the peak absorbance wavelength 
to a smaller wavelength. The peak absorbance wavelength of N,N,N-tri-ethylated rhodamine, 
N,N-di-ethylated rhodamine, N-ethylated rhodamine, and rhodamine are 539 nm, 522nm, 510 nm, 
and 498 nm, respectively (Watanabe et al., 1977). As the compounds generated because of N-de-
ethylation have peak absorption wavelength in between 556 and 497 nm, only the region between 
556 and 497 nm was considered for a shift in peak absorbance wavelength (SPAW). SPAW was 
calculated by equation 2 from the reflectance data after 26 hours of exposure to UV-A radiation 
and shown in Figure 3.5. 
SPAW26hrs = 555 nm - Wavelength in between 556 and 497 nm for which absorption is highest 
after 26 hours           (2) 
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Figure 3.5: Schematic diagram showing the shift in peak absorbance, SPAW26hrs  
In the self-cleaning experiment, a large positive SPAW26hrs indicates RhB degradation 
through N-de-ethylation pathway, whereas a zero SPAW26hrs indicates N-de-ethylation of RhB has 
not taken place. As SPAW26hrs increases with increasing number of steps of N-de-ethylation, a 
higher SPAW26hrs indicates an increase in N-de-ethylation.   
3.3. RESULT AND DISCUSSION 
3.3.1 Materials and Specimens 
The oxide composition of the glass aggregate, CSAB cement, OPC and class F fly are given 
in Table 3.2. The combined amount of oxides of silicon, aluminum, and iron in the class F fly ash 
sample was 86.41%. The amount of aluminate and sulfate in the CSAB cement is considerably 
higher than that of OPC because of the high amount of yelimite and gypsum.  
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Table 3.2: Oxide composition of constituents of mortar 
Oxide CSAB OPC Class F fly 
ash 
Recycled Glass 
Aggregate 
 Weight Percentage (%) 
CaO 44.91 58.38 6.71 6.66 
Al2O3 19.99 5.50 20.16 - 
SO3 17.89 5.58 3.409 0.22 
SiO2 15.22 24.35 59.03 74.67 
Fe2O3 0.71 2.7 7.22 0.43 
Na2O - - - 14.61 
K2O 0.60 0.68 2.27 - 
TiO2 0.49 0.23 0.77 0.04 
MgO - 2.50 - 3.28 
 
The XRD pattern of the nano TiO2 sample (Figure 3.6) resembled pure anatase with all the 
peaks of anatase being seen in this pattern with no crystalline material other than anatase present. 
The average crystal size of the nano TiO2 powder obtained using Scherrer equation was 18.10 nm, 
whereas the average diameter calculated assuming spherical grains from the specific surface area 
and density provided by the manufacturer was 18.54 nm.  
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Figure 3.6: XRD pattern of nano TiO2 sample with (h k l) value of anatase mentioned on each peak 
Figure 3.7 shows how the transformed Kubelka-Munk function varied with the light energy 
of the source. The activation energy is given by the point where the straight line fitted to the linear 
portion of plot crosses the x-axis. The activation energy of nano TiO2 was found to be 3.163 eV, 
which is similar to the 3.173 eV reported in (Lin et al., 2006) for anatase particles with 17 nm. 
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Figure 3.7: Tauc Plot for nano TiO2 sample used in this project 
3.3.2 Self-Cleaning Efficiency Test Results 
3.3.2.1. Reflectance Change  
Figure 3.8 through 3.10 show typical reflection versus wavelength response of different 
mixes as RhB degrades over time. Figure 3.8, 3.9, and 3.10 represent samples with 5%, 2.5% and 
0% TiO2 content respectively. As RhB degrades, the surface reflectance increases over time 
because RhB absorbs less light. Right after applying the dye and before the sample exposure to 
UV light (0 hours), the minimum reflectance wavelength was very close to the peak absorption 
wavelength of RhB (555 nm). The wavelength of the light for which reflectance is the lowest 
decreases as RhB degraded over time. Moreover, Figure 3.8 had the highest increase in reflectance 
at 555 nm after 26 hours of UV-A exposure, followed by Figure 3.9 and Figure 3.10, and the self-
cleaning efficeicny of the samples is also expected to follow the same order. The reflectance 
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pattern produces a positive SPAW26hrs (see Figure 3.5 and Equation 2) which shows that N-de-
ethylation of RhB occurred in this sample.   
 
Figure 3.8: Reflectance vs. wavelength for OPC mortar with 5% TiO2 and 50% glass aggregate 
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Figure 3.9: Reflectance vs. wavelength for CSAB mortar with 2.5% TiO2 and 0% glass 
aggregate replacement 
 
Figure 3.10: Reflectance vs. wavelength for CSAB mortar with 0% TiO2 and 0% glass aggregate 
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3.3.2.2. Self-cleaning Efficiency Test Result 
For all the specimens tested, Table 3.3 summarizes the self-cleaning efficiency and the 
shift in lowest reflectance wavelength. The specimens without TiO2 had very low R26 compared to 
those with TiO2. Even samples without TiO2 did have some level of self-cleaning efficiency 
because RhB degrades very slowly through self-excitation method (Ma and Yao, 1998).  In 
general, TiO2 samples with significant self-cleaning efficiency had a major shift in SPAW26hr, 
which indicates that some of the RhB was degraded through N-de-ethylation. The one mix (OPC, 
0% fly ash, 0% TiO2, and 50% glass aggregate) with a negative SPAW26hr had very low 
photocatalytic efficiency and thus the negative SPAW26hr is attributed to slight inaccuracies in the 
measurement of spectral reflectance.  
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Table 3.3: Concrete mortar self-cleaning test result   
Cement 
Type 
Class F fly 
ash (% in 
binder) 
TiO2 (% in 
binder) 
Glass 
aggregate 
(% in sand) 
R26 SPAW26hr 
OPC 0 0 0 11.71 3 
50 14.91 -1 
100 7.07 0 
2.5 0 38.98 19 
25 39.85 12 
50 43.58 25 
75 68.81 18 
100 95.7 4 
5 0 49.29 35 
25 42.43 53 
50 91.14 60 
75 94.72 39 
100 98.53 59 
10 2.5 50 15.62 18 
20 50 11.3 20 
CSAB 0 0 0 18.77 1 
50 15.44 0 
100 30.22 0 
2.5 0 42.24 9 
25 47.11 15 
50 42.07 16 
75 54.44 8 
100 63.66 60 
5 0 57.82 61 
25 49.91 43 
50 54.98 61 
75 48.8 38 
100 60.02 51 
10 2.5 50 34.64 17 
20 25.67 15 
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3.3.2.3. Effect of Mortar Constituents on Self-Cleaning Efficiency 
3.3.2.3.1. Effect of glass aggregates on self-cleaning efficiency 
Replacing sand by glass aggregate increased self-cleaning efficiency tremendously for the 
OPC samples. However, the increase in self-cleaning efficiency by glass aggregate addition was 
less for CSAB samples compared to the OPC samples (Figure 3.11). According to Chen and Poon, 
(2009c), replacement of sand with glass aggregates in mortar increased photoactivity because light 
can transmit through the glass aggregates and activate TiO2 molecules that are not on the surface 
of the specimen. This implies that for the CSAB specimens, increase in activated TiO2 molecules 
did not have a significant effect on degradation of RhB, whereas in the OPC specimens, increase 
in activated TiO2 molecules increased RhB degradation. 
3.3.2.3.2. Effect of TiO2 content  
All samples and mixtures demonstrated some self-cleaning efficiency in the presence of 
UV-A light even in the absence of TiO2 (0%). In general, increasing TiO2 content from 2.5% to 
5% in OPC mixtures increased the self-cleaning efficiency (greater R26 value), but this trend was 
not seen in the CSAB samples (Figure 3.12). Increase in TiO2 content is expected to increase the 
amount of activated TiO2, and this supports the conclusion made in section 3.3.2.3.1 that an 
increase in the amount of activated TiO2 does not significantly increase RhB degradation of the 
CSAB samples. 
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3.3.2.3.3 Effect of fly ash on self-cleaning efficiency 
Replacing cement by class F fly ash had a substantial adverse effect on self-cleaning 
efficiency for both CSAB and OPC samples (Figure 3.13). Self-cleaning efficiency decreased 
drastically with increase in class F fly ash replacement.  
 
Figure 3.11: Effect of glass aggregate and TiO2 content on self-cleaning efficiency for OPC and 
CSAB cements 
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Figure 3.12: Effect of cement type, TiO2 content, and glass aggregate percentage on Self-
Cleaning Efficiency 
 
Figure 3.13: Effect of replacing cement with class F fly ash for samples with 50% glass 
aggregate and 2.5% TiO2 
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3.3.2.4. Effect of Binders on Self-Cleaning Efficiency 
The self-cleaning efficiency of samples with CSAB cement or fly ash replacement was 
lower than sample containing just 100% OPC. One common effect of using CSAB cement instead 
of OPC and replacing OPC by fly ash is that the pH of the pore solution decreases compared to 
plain OPC samples. The pH of the pore solution also depends on the hydration age. In this paper, 
all the specimens were moist cured for seven days and then left at room temperature for seven 
days. In the next subsections how different binders changes the pH of the pore solution and how 
pH affects RhB degradation rate are discussed. 
3.3.2.4.1. Pore solution pH of samples with different binders 
There have been a few studies on pore solution pH of sulfoaluminate cement, and all of 
them indicate that pore solution pH of CSAB cement is less than pore solution of OPC. Pore 
solution of Calcium sulfoaluminate (CSA) cements after 7 and 28 days of hydration were in the 
range of 12.6-12.9 and 12.7-12.8, respectively (Winnefeld and Lothenbach, 2010), whereas the pH 
of pore solution of CSAB cements after 7 and 14 days of hydration were 13.04 and 12.94, 
respectively (Glasser and Andac, 1999). Pore solution pH of OPC cement samples after seven days 
ranged from 13 to 14 (Barneyback et al., 1981) with the pore solution pH of OPC samples being 
higher than samples containing CSAB cement (Chaunsali, 2015). Pore solution pH of samples 
with only OPC and OPC- 30% CSA blends were 13.4 and 13, respectively, (Chaunsali and 
Mondal, 2015) after seven days of hydration.  
In general, pore solution pH decreases when fly ash replaces OPC. The decrease in calcium 
and alkali content and increase in Si content in fly ash helps to reduce pH of the pore solution. In 
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this study, a class F fly ash with very low calcium oxide content (6.71%), very high silica content 
(59.03%), and moderate alkali content (Na2Oe=1.54%) replaced OPC. From past studies that used 
fly ash with similar oxide contents (Diamond, 1981; Shehata et al., 1999), it is expected that 
replacing OPC with class F fly ash will reduce pH of the pore solution. The C-S-H formed because 
of the pozzolanic reaction of fly ash has a lower Ca/Si ratio, which results in the C-S-H absorbing 
alkali (A) ions forming C-(A)-S-H, and the pH of the pore solution decreases in the absence of 
alkali ions (Chappex and Scrivener, 2012; Rayment, 1982; Thomas et al., 1991).  
Although there are a few works (García-Maté et al., 2013; Ioannou et al., 2014; Ma et al., 
2014; Martin et al., 2015; Živica, 2000) that explored the effect of the addition of fly ash on the 
hydration of CSA or CSAB cement, there is no research work that has studied its effect on pH of 
the pore solution. However, as there is no alite in CSAB cement, it is expected that meager amount 
of CH, which is required for pozzolanic reaction to occur, will generate after 7 to 14 days of 
hydration compared to OPC and thus the decrease in pH of pore solution due to fly ash addition 
will be lower for CSAB cement as compared to OPC.  
3.3.2.4.2. Effect of pH on photocatalytic RhB degradation  
Many researchers have studied the effect of pH of RhB solution on its photocatalytic 
degradation in the presence of different photocatalysts. You-ji and Wei, (2011) found that the rate 
constant of RhB degradation in the presence of TiO2-zeolite composite increases by about 10% 
when pH of the solution increases from 8 to 10. RhB degradation in the presence of ZnO 
photocatalyst rose from about 80% to 90% when pH of the RhB solution was increased from 10 
to 12 (Nagaraja et al., 2012). The rate of degradation of RhB in the presence of anatase doubled 
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by increasing the pH from about 9.5 to 12 (Jain et al., 2007). Given the pH of pore solution of 
hydrated cement ranges from 12.5 to 14 and no previous work had studied the effect of pH of RhB 
on its degradation at that high alkalinity in the presence of TiO2. Therefore, an experiment was 
performed in this study as described in next.  
3.3.2.5. Experimental Study of RhB Solution pH on Photodegradation of RhB 
Four solutions of RhB with a concentration of 20 µM were prepared with pH varying from 
12.65, 13.0, 13.3 and 13.7. Saturated lime water was used to attain pH of 12.65, and appropriate 
amounts of sodium hydroxide were added to saturated lime water to obtain the desired pH of the 
different solutions. Finally, proper amounts of RhB were added in all the solutions to obtain a RhB 
concentration of 20 µM. 50 ml of each solution was mixed with 5 gm of nano anatase that was 
used in making the photocatalytic samples. The samples were then exposed to UV-A light of 3.75 
µW/cm2 intensity for 4 hours while being mixed vigorously. After that, the solutions were filtered 
to minimize the amount of anatase present in the solution and then analyzed using a Varian Cary 
5G spectrophotometer to obtain absorbance at different wavelengths as shown in Figure 3.14. The 
four solutions were also tested before exposure to UV-A light and addition of TiO2, and all four 
solutions had peak absorbance of about 1.85 at wavelength 555 nm. Beer-Lambert’s law can be 
used to relate the absorbance of a solution to the concentration of the substrate present in the 
solution, as shown below. 
𝐴 = 𝑎(𝜆) × 𝑙 × 𝑐           (3) 
Where 𝑎(𝜆) is absorptivity coefficient at wavelength 𝜆, 𝑙 is the length of the sample, and 𝑐 
is the substrate concentration. In this chapter, absorptivity of all the samples were considered at 
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𝜆 = 555 𝑛𝑚, and the sample length was also kept constant at 10 mm, and thus, the absorbance of 
the sample was proportional to the concentration of RhB. The concentration of RhB after 4 hours 
of UV-A exposure for different pH conditions was calculated from the absorbance of the solution 
at 555 nm. Rate constants for degradation of RhB at various pH were calculated assuming a first-
order reaction (Wu and Zhang, 2004) and shown in Figure 3.15. Highly diluted RhB solution with 
RhB concentration of 20 µM was utilized in this experiment compared to the solution used in the 
self-cleaning experiment (concentration 0.5 g/l or 104 µM) because RhB solutions do not obey 
Beer-Lambert’s law at higher concentrations due to dimer formation (Mchedlov-Petrosyan and 
Kholin, 2004; Muto, 1972). From Figure 3.15, it can be concluded that RhB degradation in the 
presence of nano anatase increases with pH from 12.65 to 13.7. Therefore CSAB samples with 
lower pore solution pH  compared to the OPC samples will have slower degradation of RhB in the 
presences of nano anatase. Likewise, the samples with fly ash will have a lower self-cleaning 
efficiency relative to samples without fly ash.  
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Figure 3.14: Absorbance patterns of RhB solutions with different pH after 4 hours of UV-A 
exposure. 
 
Figure 3.15: Effect of pH on reaction rate constant of RhB degradation 
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3.3.2.6. Mechanism of Photocatalytic RhB Degradation on Mortar Surface 
RhB in the presence of UV-A light and nano TiO2 is oxidized by active oxygen species, 
which can be generated in two ways: photosensitization of RhB and direct excitation of TiO2 by 
UV light. In the first method, RhB can be photosensitized in the presence of UV light (Chen et al., 
2003; Ma and Yao, 1998) and photosensitized RhB, when adsorbed on TiO2 surface, can react 
with TiO2 to form cationic radical of RhB and excite TiO2 that can release electron to form an 
active oxygen species (Chen et al., 2003; Ma and Yao, 1999; Zhao et al., 1998). The active oxygen 
species prefer to attack the organic group of RhB present near the TiO2 surface. Mortar samples 
are highly alkaline with pH higher than the isoelectric point of TiO2, making the TiO2 surface 
negatively charged. In highly alkaline condition, the diethylamino group and the carboxyl group 
of RhB are positively and negatively charged, respectively, and as a result, when photosensitized 
RhB is adsorbed on the TiO2 surface, the positively charged diethylamino group of RhB faces 
towards the negatively charged TiO2 surface and the carboxyl group faces away from the TiO2 
surface (Chen et al., 2003; Wang et al., 2008).  As the ethyl group is near the TiO2 surface, the 
active oxygen species generated by photosensitization of RhB mainly attacks the ethyl group 
causing N-de-ethylation of RhB. In the second method, TiO2 becomes excited in the presence of 
UV-A light and releases electrons creating an electron-hole pair, which can create active oxygen 
species by reacting with oxygen and hydroxyl ion present in water. In this method, active oxygen 
species are generated independently of the adsorption sites of RhB but the active oxygen species 
generated shows a slight preference towards attacking the organic group near the TiO2 surface 
(Chen et al., 2003), and thus N-de-ethylation occurs even when RhB is oxidized by active oxygen 
species generated by the second method.  
62 
 
As N-de-ethylation of RhB occurs in both the paths of generation of active oxygen species 
when RhB degrades on mortar surface, it is expected to observe a positive SPAW26hrs for all the 
photocatalytic mortar samples, as seen in Table 3.3. Overall, SPAW26hr increased with R26 (Table 
3.3) because the higher amount of RhB degradation implies generation of a higher amount of active 
oxygen species, which leads to a higher amount of N-de-ethylation. Thus, samples with a similar 
amount of RhB degradation should be considered to study what mortar constituent increases N-
de-ethylation relative to cleavage of chromophore structure. The SPAW26hr of the samples with 
R26 value in the range of 38.9 to 50 were compared (Figure 3.16). The samples with 5% TiO2 
content had significantly higher SPAW26hr than the samples with 2.5% TiO2 content. An increase 
in SPAW26hr indicates an increase in N-de-ethylation of RhB. N-de-ethylation of RhB requires 
RhB to be adsorbed on the TiO2 surface. Increase in amount of TiO2 in mortar mix increases the 
amount of TiO2 on the mortar surface allowing more RhB to be adsorbed on TiO2 surface and thus 
increases the amount of RhB degradation through N-de-ethylation.  
 
Figure 3.16: Effect of TiO2 content on SPAW26hr for samples with similar R26 
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3.4. CONCLUSION 
Concrete surfaces must remain relatively clean of contaminants to realize the 
photocatalytic concrete capabilities for air pollutant removal. Photocatalytic concrete have the 
chemical ability to degrade organic soiling agents and keep the concrete surface cleaner and more 
aesthetically pleasing. In this study, the self-cleaning efficiencies of various photocatalytic mortar 
mix designs containing OPC or (Calcium Sulfoaluminate Belite) CSAB cement with titanium 
dioxide were quantified through degradation of RhB after 26 hours of UV light exposure (R26). 
Another factor quantified was the impact of partial replacement of the cement with fly ash and 
replacement of sand with fine glass aggregate.  
Overall, the self-cleaning efficiency of photocatalytic OPC samples was higher than the 
samples containing CSAB or fly ash. It was hypothesized that samples with lower pore solution 
pH resulted in lower self-cleaning efficiency. Increasing TiO2 content from 2.5% to 5% 
significantly increased the self-cleaning efficiency of the OPC samples, but the effect was minimal 
for CSAB samples. Similarly, fine glass aggregate substitution for sand significantly increased the 
self-cleaning efficiency of the samples with OPC cement, but the increase was not that significant 
for the CSAB samples. Increase in TiO2 content in the mix is expected to enhance the amount of 
TiO2 on the mortar surface, which will lead to increase in the amount of activated TiO2. Replacing 
sand with glass aggregate also leads to increase in activated anatase as the light can transmit 
through the glass aggregates and activate anatase particles that are not on the surface that may 
come into contact with RhB molecules as RhB solution can move through the pores present in the 
mortar. As the increase in self-cleaning efficiency by increasing TiO2 content or fine glass 
aggregate substitution was minimal for CSAB cement compared to OPC, it can be concluded that 
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increasing activated TiO2 beyond a certain point does not help in increasing the self-cleaning 
efficiency of CSAB samples.  
Replacing cement by fly ash and using CSAB instead of OPC both leads to lower pH of 
the pore solution. Degradation of RhB solutions in the presence of nano anatase powder at various 
pH levels in the typical range of pH of pore solution were tested, and amount of RhB degradation 
increased with pH of the RhB solution. Based on these result, the decrease in pore solution pH is 
one of the main reasons behind lower self-cleaning efficiency. 
Photocatalytic degradation of RhB in the presence of pure anatase can occur in two possible 
paths: N-de-ethylation and cleavage of chromophore structure. The shift in peak absorbance 
wavelength was measured to evaluate N-de-ethylation of RhB. All the photocatalytic samples 
regardless of the binder or aggregate present had a shift in peak absorbance wavelength proving 
the occurrence of RhB degradation through N-de-ethylation. The shift in peak absorbance 
wavelength was compared among samples with similar self-cleaning efficiency to study the effect 
of increasing TiO2 content on the mechanism of RhB degradation. Increase in TiO2 content 
increased the change in peak absorption wavelength indicating that higher TiO2 content leads to 
increase in photodegradation through the N-de-ethylation path.  
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CHAPTER 4: USE PHASE ASSESSMENT OF MULTI-FUNCTIONAL CONCRETE 
OVERLAYS 
4.1. INTRODUCTION 
 Around 45 million people in the USA live within 300 feet of a major road, airport or 
railroad, (EPA, 2014). The environmental impact of living near roadways affects many people, 
which can be quantified using a pavement Life Cycle Assessment (LCA). The LCA of pavements 
can be divided into five phases: materials, construction, use, maintenance, and end of life (Santero 
et al., 2011). The use phase is significant as it is concerned with the environmental impact of the 
pavement throughout its service life. The use phase includes vehicular pollution, Urban Heat Island 
(UHI) effect, building energy consumption, lighting, vehicular fuel consumption, etc. In this paper, 
the pollution mitigation, UHI, and building energy effects are investigated. 
The addition of titanium dioxide (TiO2) to concrete has been shown in the literature to 
mitigate vehicular pollutants (Cackler et al., 2012; Chen and Poon, 2009b). These pollutants 
include nitrogen oxides (NOx), sulfur oxides (SOx), and Volatile Organic Compounds (VOC). 
Heavy-duty diesel vehicles can raise the roadside concentration of NOx by as much as ten times 
the community average ambient concentration (Westerdahl et al., 2005). Moreover, vehicles also 
increase SOx (Demirbaş, 2005) and VOC (Kansal, 2009) concentration in air, with the extent of 
increase depending on the engine efficiency and sulfur content in the fuel. Furthermore, TiO2 
addition has been shown to be more efficient in white cement compared to gray cement in reducing 
pollutants, because of its higher albedo (King, 2016).  However, the addition of TiO2 in cement 
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significantly increases the cost of the pavement (Cackler et al., 2012) and thus, needs additional 
environmental benefits to justify its application.  
Urban areas with human-made structures are usually warmer than the surrounding rural 
areas because the albedo, heat capacity, and latent heat flux are different from that of natural soils 
and vegetation (Wang and Akbari, 2014). This phenomenon is called the UHI effect. A typical city 
in the US has 30 to 70% area covered with paved surfaces (Akbari et al., 2003) and thus, pavements 
contribute significantly to the UHI effect.  One of the best-known approaches to mitigate UHI 
effect is to increase the albedo of the pavements using so-called ‘cool’ pavements. Using white 
cement instead of gray cement can increase the albedo of a concrete pavement to 0.7-0.8 from 0.3-
0.4 (Levinson and Akbari, 2002). The impact of the UHI effect can be quantified using Radiative 
Forcing (RF), which is defined as the “change in net solar plus longwave irradiance at the 
tropopause after allowing for stratospheric temperature to readjust to radiative equilibrium, but 
with the surface and tropospheric temperature and state held fixed” (Intergovernmental Panel on 
Climate Change, 1996). Traditionally in LCA, RF is expressed in terms of an equivalent Global 
Warming Potential (GWP). 
Surfaces with higher albedo reflect more solar energy, leading to a lower RF and GWP. 
Researchers have defined UHI at different scales: global scale (Menon et al., 2010), mesoscale 
(Chen et al., 2014), and microscale (Erell et al., 2014). Accordingly, UHI simulations can be run 
on different scales based on the size of the investigated area and the time over which it is assessed. 
As explained in (Sen and Roesler, 2017), the UHI impact of all pavements over a large 
geographical area over several decades can be studied with mesoscale or climatic models, but a 
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single pavement project over its service life should be evaluated through a microscale approach. 
Therefore, a microscale UHI model was used in this study. 
Cool pavements have the potential to decrease the outdoor air temperature (Akbari and 
Konopacki, 2004; Ihara et al., 2008), which leads to a decrease in building cooling load in summer 
but an increase in heating load in winter (Sailor and Muñoz, 1997). Thus, using a pavement with 
higher albedo changes the total building energy demand, which in turn may translate into a net 
reduction in greenhouse gas emissions and air pollution. Changes in natural gas and electricity 
demand caused by using a pavement with higher albedo were considered in this study.    
 In a previous study thin, multi-functional concrete overlays incorporating TiO2 was 
demonstrated for improving the functional capacity and sustainability of pavements (Sen et al., 
2015). This paper extends the study to perform a use phase LCA of these overlays with respect to 
vehicular pollution, UHI effect, and building energy consumption. Two different cement binders 
consisting of gray and white cement with and without TiO2 were compared. Figure 4.1 shows a 
schematic diagram of the different LCA components considered in this study. 
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Figure 4.1: Schematic overview of this use phase assessment of multi-functional concrete overlays 
 
4.2. PAVEMENT CASES 
 The state of Illinois in USA has 492,253 lane-km of roads with a total surface area of 
1.77×109 m2 (Federal Highway Administration, 2014). A use phase LCA was developed for 
analyzing the impact of a 10 cm concrete overlay (3.6 m lane width) with a 15-year service life 
implemented over the entire road network. Assuming all pavements in Illinois are continuously 
rehabilitated at the same rate over the 15-year service life, construction of 1.18×108 m2 of concrete 
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overlays is required annually. With a population of 12.8 million (United States Census Bureau, 
2017), this translates into construction of 9.2 m2 of bonded concrete overlay per capita per year.  
 Four concrete pavement overlay cases were considered, as summarized in Table 4.1. Two 
cases (GC00 and WC00) used Type I gray and white cement binders, respectively without TiO2, 
while the other two cases (GC03 and WC03) had 3% TiO2 addition. The albedo of white and gray 
cement concrete is around 0.7-0.8 and 0.3-0.4 respectively, which decrease over time because of 
weathering and dirt (Levinson and Akbari, 2002);  therefore, their steady-state albedo was chosen 
to be 0.5 and 0.2, respectively.  As indicated by data from (King, 2016), the addition of 3% TiO2 
does not have any significant effect on albedo, and therefore, the same corresponding albedo was 
used as from the cases without TiO2. All the concrete overlays were analyzed for the city of 
Champaign in Illinois, with GC00 as a control case. 
Table 4.1: Concrete pavement overlay cases 
Case Color of Cement TiO2 Content 
(% of binder) 
Albedo 
GC00 
(control) 
Gray 0 0.2 
WC00 White 0 0.5 
GC03 Gray 3 0.2 
WC03 White 3 0.5 
4.2.1. LCA 
 The relative environmental impact of each concrete overlay case was estimated for 
pollution removal, UHI mitigation, and energy consumption. Ten Environmental Impact 
Parameters (EIPs) from the TRACI 2.1 tool were adopted to quantify net environment impact 
(NEI) (Bare, 2011) during the concrete overlay use phase. Each EIP is expressed in terms of a 
70 
 
reference pollutant, and the EIPs of other pollutants are expressed as an equivalent of the reference 
pollutant. For example, the production of a construction material may generate several pollutants, 
including CO2. For the EIP GWP, the reference pollutant is CO2, and the total GWP of the 
pollutants generated can be calculated using: 
𝐺𝑊𝑃 =  ∑ 𝑚𝑖 × 𝐺𝑊𝑃𝑖𝑖          (1) 
 Where mi is the mass of pollutant i produced per unit of a construction product, and GWPi 
is the equivalent amount of CO2 per unit mass of pollutant i produced. The equivalency factors for 
various EIPs and pollutants were obtained from TRACI 2.1 and shown in Table 4.2. For electricity 
and natural gas, the pollutants produced were obtained from the European Life Cycle Database 
(ELCD 3.2) (European Commisssion, 2006). 
 Each calculated EIP was then normalized (per capita per year) to the 2008 US inventory 
(Ryberg et al., 2014), whose values are also shown in Table 4.2, to obtain Normalized EIPs 
(NEIPs). A single score called the Net Environmental Impact (NEI) was calculated using a 
weighted average of the ten NEIPs. The weights used were those recommended by (Hassan, 2010; 
Sustainable Minds, 2017), as shown in the last column in Table 4.2. The NEI was then compared 
for each concrete overlay case with GC00 defined as the control case. 
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Table 4.2: Equivalency factors between pollutants and Environmental Impact Parameters (EIP) 
from TRACI 2.1 
EIP Reference 
Unit 
NG* E** NOx SOx Toluene CO2 Single 
Score 
Weight 
2008 US 
Inventory 
1 kg 1 kWh 1 kg 1 kg 1 kg 1 kg 
 
per 
capita/year 
Acidification kg SO2 eq 0.001 0.002 0.7 1 0 0 0.036 9.09E+01 
Ecotoxicity CTUe 3.00E-04 0.002 0 0 0.013 0 0.084 1.10E+04 
Eutrophication kg N eq 4.00E-05 5.00E-05 0.04 0 0 0 0.072 2.16E+01 
GWP kg CO2 0.46 0.53 0 0 0 1 0.349 2.42E+04 
Human Health 
– carcinogenic 
CTUh 7.00E-13 4.00E-11 0 0 3.00E-
12 
0 0.096 5.07E-05 
Human Health 
non-
carcinogenic 
CTUh 5.00E-13 1.00E-09 0 0 9.60E-
08 
0 0.06 1.05E-03 
Ozone 
Depletion 
kg CFC-
11 eq 
2.00E-10 3.00E-08 0 0 0 0 0.024 1.61E-01 
Photochemical 
ozone 
formation 
kg O3 eq 0.013 0.014 25 0 4 0 0.048 1.39E+03 
Resource 
depletion - 
fossil fuels 
MJ 
surplus 
7.5 0.41 0 0 0 0 0.121 1.73E+04 
Respiratory 
effects 
kg PM 2.5 
eq 
7.00E-05 1.00E-04 0.01 0.061 0 0 0.108 2.43E+01 
 
*NG = Natural Gas, **E = Electricity 
4.3. POLLUTANT REMOVAL 
 4.3.1. Methodology  
 In literature, most experiments measure pollutant removal rate based on a single pollutant 
(Demeestere et al., 2008; King, 2016; Poon and Cheung, 2007; Toma et al., 2006). Therefore, in 
this study, NOx, SOx, and VOC (specifically, toluene) removal rates were considered under the 
assumption that each pollutant removal rate is independent of the other. According to King, (2016), 
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NOx removal rate of carbonated white and gray cement mortar is approximately 2.3 mg/m
2hr and 
0.6 mg/m2hr, respectively. Based on experiments with titanium films (Demeestere et al., 2008; 
Toma et al., 2006), SOx and toluene removal rates were taken as 0.02 and 0.5 mg/m
2hr, 
respectively, for both white and gray cement specimens, given that no data exists for cement 
binders.  
 Photocatalytic removal requires sunlight and therefore, the average daylight hours for 
Champaign was 12 hours and 12 minutes (USNO, 2017). If the area of the overlay laid per capita 
per year is Aroad (m
2 per capita/year), rate of removal of a pollutant is r (mg/m2hr), and the average 
annual daylight hours is tsun (hr/day), then the pollutant removal (P) in kg per capita over 15 years 
is given by: 
𝑃 = 𝐴𝑟𝑜𝑎𝑑  ×  𝑟 ×  𝑡𝑠𝑢𝑛  ×  365 ×  15 × 10
−6      (2) 
 4.3.2. Photocatalytic Results and Discussion 
 Table 4.3 shows the photocatalytic pollutant removal of NOx, SOx and toluene over 15 
years for the four overlay cases. Overlay cases GC00 and WC00 had no photocatalytic properties 
and are not shown, as they did not remove any pollutants. The lowest removal per capita was for 
SOx at 0.184 kg over 15 years, while the highest was for NOx at 5.52 kg and 21.1 kg for GC03 and 
WC03 respectively. For comparison, the primary limits of NOx and SO2 concentration for 1 hour 
of exposure are 188 and 184 𝜇𝑔/𝑚3 (EPA, 2015) respectively, whereas the toluene concentration 
in urban environments is 10.8 𝜇𝑔/𝑚3 on average (ATSDR, 2000).  
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Table 4.3: Photocatalytic pollutant removal  
Pollutant Case  
Rate of Pollutant 
Removal 
Total Pollutant Removal in 
15 years 
mg/m2hr kg per capita 
SOx GC03 and WC03 0.02 0.184 
Toluene GC03 and WC03 0.50 4.60 
NOx 
GC03 0.60 5.52 
WC03 2.30 21.1 
 
Based on the pollutants removed, the NEIPs for each case are calculated, and the difference 
from the control case (GC00) is shown in Table 4.4. The single-score NEI is also calculated and 
shown to compare the different cases, with WC00 omitted as it had the same impact as GC00. 
Both GC03 and WC03 had a lower score than the GC00/WC00 case, indicating a lower 
environmental impact. Moreover, the NEI of WC03 was even lower than of GC03, indicating that 
white cement with TiO2 significantly lowers the environmental impact relative to gray cement with 
and without TiO2. 
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Table 4.4: NEIPs and NEIs for vehicular pollution relative to GC00 
NEIP GC03 WC03 
Acidification -2.97E-03 -1.10E-02 
Ecotoxicity -3.66E-07 -3.66E-07 
Eutrophication -7.55E-04 -2.89E-03 
GWP 0.00E+00 0.00E+00 
Human Health – carcinogenic -1.92E-08 -1.92E-08 
Human Health – non-carcinogenic -2.80E-05 -2.80E-05 
Ozone Depletion 0.00E+00 0.00E+00 
Smog formation -7.45E-03 -2.60E-02 
Fossil fuel depletion 0.00E+00 0.00E+00 
Respiratory effects -1.40E-04 -4.49E-04 
NEI -5.35E-04 -1.90E-03 
 
4.4. UHI EFFECT 
 4.4.1. Methodology 
A microscale pavement thermal analysis model, ILLITHERM, was developed by Sen and 
Roesler, (2017) to estimate the microscale UHI impact. The model uses the thermal and optical 
properties of the pavement to solve an energy-balance equation over the pavement’s service life. 
As defined in (Sen and Roesler, 2016), the microscale UHI can be quantified using the Pavement 
Radiative Forcing (RFp), which can be evaluated as: 
𝑅𝐹𝑝 =
∑ Δ?̇?𝑠,𝑖
𝑛
𝑖=1
𝑛
          (3) 
Where Δ𝑄𝑠,𝑖̇  is the net rate at which energy is being exchanged at the surface of the 
pavement with the atmosphere at the ith time step for a total of n time steps. Thus, RFp is the 
average rate at which energy is exchanged at the pavement surface, which is a measure of the 
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microscale UHI induced by the pavement. Running a similar analysis as in (Sen and Roesler, 2016) 
with concrete overlays for each of the binders enumerated in Table 4.1, the RFp was evaluated. 
 For comparison purposes, radiative forcing has been converted to an equivalent GWP 
(Akbari et al., 2009; Sen and Roesler, 2016; Yu and Lu, 2014). This RFp to GWP conversion must 
consider CO2 sequestration by the ocean and soil (Lal, 2009). Bird et al., (2008) derived a 
relationship between RFp and GWP accounting for CO2 sequestration over time as given in 
Equation 4. 
𝐺𝑊𝑃(𝑡) =
𝐴𝑟𝑜𝑎𝑑𝑅𝐹𝑝(ln 2)𝑃𝐶𝑂2𝑀𝐶𝑂2𝑚𝑎𝑖𝑟
𝐴𝑒𝑎𝑟𝑡ℎΔ𝐹2𝑥𝑀𝑎𝑖𝑟𝐴𝐹(𝑡)
       (4) 
 Where Aroad is the paved surface area with increased albedo per capita per year (9.2 m
2 per 
capita/year), RFp is the pavement radiative forcing, 
2CO
P is the reference CO2 partial pressure (383 
ppmv), 
2CO
M is the molecular weight of CO2 (44 g/mol), mair is the total mass of atmosphere 
(5.148×1021 g), Aearth is the surface area of earth (5.1×10
14 m2 ), Δ𝐹2𝑥 is the increase in RFp because 
of doubling ambient concentration of CO2 (3.7 W/m
2 according to IPCC (2007)), Mair is the 
molecular weight of dry air (28.95 g/mol), and AF(t) is the average CO2 airborne fraction after  t 
years. 
 According to Joos et al., (2001), the fraction of CO2 remaining in the atmosphere after t 
years, 𝑓(𝑡), is calculated using Equation 5. 
𝑓(𝑡) = 0.217 + 0.259𝑒−𝑡/172.9 + 0.338𝑒−𝑡/18.51 + 0.186𝑒−𝑡/1.86    (5) 
 AF(t) is the average fraction over the service life of 15 years, as shown in Equation 6. 
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𝐴𝐹(𝑡) =  
∫ 𝑓(𝑡)𝑑𝑡
15
0
15
          (6) 
4.4.2. Results and Discussion 
 The RFp and GWP of all four cases are shown in Table 4.5. Due to its higher albedo, the 
GWP of WC00 was significantly lower by a factor of five relative to GC00. Furthermore, 
because the addition of 3% TiO2 did not change the albedo, the GWP of WC03 was also less 
than that of GC03 by the same factor of five. 
Table 4.5: RFp and GWP for 4 concrete overlays 
Case RFp (W/m2) GWP (kg eq-CO2 per capita/year) 
GC00 and GC03 53.9 757.6 
WC00 and WC03 10.6 149.6 
 
 The GWP change with respect to the GC00 control case is converted to NEIPs, and a 
single-score NEI is evaluated. Among the NEIPs, only normalized GWP has a direct role to play 
for the UHI effect, and all others were zero. As GC00 and GC03 had the same GWP, the relative 
NEI was also zero. The normalized GWP of WC00 and WC03 cases was −2.51 × 10−2, and their 
NEI relative to the control case (GC00) was −8.77 × 10−3, indicating a lower environmental 
impact from the UHI effect.    
4.5. ENERGY CONSUMPTION 
 4.5.1. Methodology 
 In a previous study (Sen et al., 2017), the effect of pavement albedo on the air temperature 
around a building in Champaign was studied using the microscale Computational Fluid Dynamics 
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(CFD) program ENVI-met (Bruse and Fleer, 1998). ENVI-met evaluates the pavement surface 
temperature for a given location and time, and subsequently, the air temperature at various 
elevations is calculated. In this study, the same model from (Sen et al., 2017) was adopted, and the 
air temperatures at 1.8 m and 5.0 m around the building were averaged to obtain a representative 
air temperature. This was done for two days: one in summer (June 23, 2015) and the other in winter 
(December 20, 2015).  
 Heating degree-days (HDD) and cooling degree days (CDD) can be used to empirically 
estimate the heating and cooling energy consumption (Sailor and Muñoz, 1997). These were 
evaluated for each of the two days for all the pavement cases using Equations 7 and 8 (Christenson 
et al., 2006), respectively. 
𝐻𝐷𝐷 = 𝛼(𝑇𝑏 − 𝑇𝑎)          (7) 
 Here 𝑇𝑏 is the base temperature inside the building (taken as 18.3℃ from (Sailor and 
Muñoz, 1997)) and 𝑇𝑎 is the atmospheric temperature with 𝛼 = 1 when 𝑇𝑏 > 𝑇𝑎 and zero 
otherwise. 
𝐶𝐷𝐷 = 𝛽(𝑇𝑎 − 𝑇𝑏)          (8) 
 𝛽 = 1 when 𝑇𝑏 < 𝑇𝑎 and zero otherwise. 
 It was found that for the summer day (June 23, 2015), HDD was zero, and for the winter 
day (December 20, 2015), CDD was zero. In order to estimate annual electricity and natural gas 
consumption, these values were extrapolated to an entire year. For this, HDD and CDD values for 
2015 were obtained from Champaign Willard Airport (NCDC, 2015). The CDD value on the 
summer day from the ENVI-met model was compared to that from Willard Airport on the same 
day, and the relative difference between the two was calculated. This relative difference was then 
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applied as a shift factor to CDD values from Willard Airport for the entire year. A similar approach 
was used for HDD values. Thus, the HDD and CDD for each of the albedo cases in Table 4.1 were 
evaluated for the entire year.  
 The difference in HDD and CDD between the low albedo (GC00 and GC03) and high 
albedo (WC00 and WC03) cases are plotted in Figure 4.2. The maximum difference between HDD 
is about 0.05℃-day, while that for CDD is about −0.25℃-day. Thus, when higher albedo 
pavements are used, the cooling load decreases more than the increase in heating load. This can 
be further quantified by estimating the electricity and natural gas consumption. 
 
Figure 4.2: Difference in HDD and CDD between low albedo and high albedo cases 
 Empirical equations to predict the combined electricity (E) and natural gas (NG) 
consumption in residential and commercial sectors per month in Illinois were developed by (Sailor 
and Muñoz, 1997) using data from 1984-1993. Using newer meteorological data for 2013-2016 
from Champaign Willard Airport and per capita energy consumption data from the EIA database 
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(Energy Information Administration, 2016), the coefficients of these equations were updated as 
shown in Equations 9 and 10 below. The R2 values for E and NG were 0.864 and 0.955 
respectively. 
𝐸 = 624.91 + 0.2187(𝐻𝐷𝐷) + 0.79237(𝐶𝐷𝐷) − 57.03(𝑊)    (9) 
ln(𝑁𝐺) = 4.9283 + 0.00167(𝐻𝐷𝐷)       (10) 
 Where E was measured in kWh per capita, HDD and CDD in oC-days, wind speed W in 
m/sec and NG in kWh per capita per month. It was assumed that 1000 ft3 of NG generates 99 kWh 
of energy (EIA, n.d) and 1 kg of NG generates 13.75 kWh of energy (Boundy et al., 2011).  
 4.5.2. Results and Discussion of Building Energy Estimates 
 The E and NG values were evaluated for each pavement case and shown in Table 4.6. Due 
to the decrease in outdoor air temperature by using white cement over gray cement, the HDD 
increased, and the CDD decreased, as shown in Figure 4.2. Therefore, the NG demand of WC00 
and WC03 was higher than GC00, while their electricity demand was lower. Given that the 
magnitude of the difference in CDD was higher than HDD, E decreased by 11.9 kWh per capita 
per year while NG increased by only 2.4 kWh per capita per year. 
Table 4.6: Electricity (E) and natural gas (NG) consumption 
Case E (kWh per capita/year) NG (kWh per capita/year) 
GC00 and GC03 2800.1 5050.7 
WC00 and WC03 2788.2 5053.1 
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 The NEIPs and single-score NEI were further evaluated, and their difference from the 
control case (GC00) are shown in Table 4.7. As the albedo of GC00 and GC03 were the same, the 
difference in their NEI was zero and was not shown. The NEI for WC00 and WC03 were equal 
due to their same albedo, and were less than the control value, indicating a lower environmental 
impact.
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Table 4.7: NEIPs and NEIs for energy consumption relative to GC00 
NEIP WC00 and WC03 
Acidification -2.62E-04 
Ecotoxicity -2.49E-06 
Eutrophication -2.57E-05 
GWP -2.59E-04 
Human Health – carcinogenic -9.37E-06 
Human Health – non-carcinogenic -1.09E-05 
Ozone Depletion -2.51E-06 
Smog formation -1.16E-04 
Fossil fuel depletion -2.02E-04 
Respiratory effects -7.1E-05 
NEI -8.89E-04 
 
4.6. USE-PHASE RESULTS FOR CONCRETE OVERLAY 
 Table 4.8 shows the sum of the ten NEIPs and NEI from pollutants removal, UHI effect, 
and energy consumption. The negative values indicate that the cases GC03, WC00, and WC03 had 
a lower environmental impact than the control case (GC00) in the use phase. The smallest decrease 
in NEI was for GC03 because the only benefit over GC00 is from the addition of TiO2, which 
removes vehicular pollutants but has no effect on the other components. WC00 had an NEI that 
was an order of magnitude lower than that of GC03 relative to GC00. The higher albedo of WC00 
had a significantly higher impact in the UHI effect and energy consumption components than the 
photocatalytic properties of GC03 on pollutant removal. Finally, the environmental benefit from 
WC03 was the highest, as indicated by its lowest NEI, because it combines the benefits of having 
a higher albedo as well as the photocatalytic properties of TiO2 for pollutant removal.  
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 By subtracting the NEI of GC03 from GC00, we see that the relative NEI of −5.35 × 10−4 
represents the impact from adding TiO2 to gray cement alone. Similarly, the difference between 
WC03 and WC00 is −1.94 × 10−3, which represents the impact from adding TiO2 to white cement 
alone, and is lower than the difference between GC03 and GC00. Therefore, the addition of TiO2 
to white cement is environmentally more beneficial than adding it to gray cement. 
 For all ten of the NEIPs, using white cement instead of gray cement improved 
environmental sustainability. Addition of TiO2 in concrete further decreased acidification, 
ecotoxicity, eutrophication, human health degradation factors, smog formation and respiratory 
effects, as indicated by their more negative NEIPs. Acidification, eutrophication, smog formation 
and respiratory effects are affected by NOx, and they showed a higher decrease because of TiO2 
addition in white cement than in gray cement. This is because NOx removal is higher in white 
cement than gray cement, as was shown by King, (2016). 
Table 4.8: Combined NEIPs and NEI relative to GC00 
 
 
NEIP WC00 GC03 WC03 
Acidification -2.62E-04 -2.97E-03 -1.12E-02 
Ecotoxicity -2.49E-06 -3.66E-07 -2.86E-06 
Eutrophication -2.57E-05 -7.55E-04 -2.91E-03 
GWP -2.54E-02 0.00 -2.54E-02 
Human Health – carcinogenic -9.37E-06 -1.92E-08 -9.39E-06 
Human Health – non-carcinogenic -1.09E-05 -2.80E-05 -3.90E-05 
Ozone Depletion -2.51E-06 0.00 -2.51E-06 
Smog formation -1.16E-04 -7.45E-03 -2.61E-02 
Fossil fuel depletion -2.02E-04 0.00 -2.02E-04 
Respiratory effects -7.13E-05 -1.40E-04 -5.21E-04 
NEI -9.66E-03 -5.35E-04 -1.16E-02 
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4.7. CONCLUSION 
Multi-functional concrete overlays restore existing pavements to their desired functional 
characteristics while also improving their environmental sustainability, which can be quantified 
through a pavement LCA. This study considered the difference in environmental impacts of 
overlays made of gray and white cement in the use phase in terms of the Urban Heat Island (UHI) 
effect and building energy consumption. In addition, the LCA impact of adding TiO2 to the 
cements for removing vehicular pollutants was including in the analysis.  
 The replacement of gray cement with white cement for concrete overlays shows use phase 
benefits through mitigation of the UHI effect as well as reduction in building energy consumption. 
UHI was quantified through pavement radiative forcing (RFp). This was evaluated using a 
microscale pavement thermal model and was converted into an equivalent GWP over the expected 
service life of 15 years. White cement decreases the GWP by a factor of five as compared to gray 
cement. In terms of energy usage, white cement showed a lower environmental impact than gray 
cement. The electricity usage decreased by 11.9 kWh per capita per year as energy demand for 
cooling decreased when white cement was used, because of the lower outdoor air temperature. At 
the same time, the natural gas demand increased by 2.4 kWh per capita per year as heating energy 
demand increased. Overall, the total building energy consumption decreased by 9.5 kWh per capita 
per year for white cement overlays. 
 The effect of the incorporation of TiO2 to the two cement binders was also investigated by 
considering the photocatalytic removal of vehicular pollutants. Specifically, the removal of NOx, 
SOx, and toluene were evaluated over 15 years. The addition of TiO2 reduced these pollutants, 
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with the reduction in white cement being higher than in gray cement for NOx. This results in more 
efficient NOx removal and a lower net environmental impact.  
 The environmental impacts in the use phase were further converted into equivalent NEIPs, 
which were then condensed into a single-score NEI for comparison. Using white cement instead 
of gray cement in concrete overlays improved its environmental sustainability, as evidenced by 
the decrease in all the ten NEIPs considered. Addition of TiO2 in concrete decreased acidification, 
ecotoxicity, eutrophication, human health degradation factors, smog formation and respiratory 
effects. Specifically, acidification, eutrophication, smog formation and respiratory effects 
decreased due to removal of NOx, and this decrease was higher for white cement than gray cement 
because of higher NOx removal rate. Therefore, the use of white cement with TiO2 for the 
construction of multi-functional concrete overlays has significant environmental benefits in the 
use phase that can justify its higher initial costs. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 
5.1. KEY FINDINGS 
In this study, use phase performances of photocatalytic cementitious materials containing 
nano TiO2 were investigated. Important use phase benefits of photocatalytic concrete includes NOx 
removal and self-cleaning properties. For self-cleaning performance, mortar specimens containing 
OPC, CSAB cement, recycled (clear) fine glass, class F fly ash, and nano-TiO2 at different 
proportions were tested. The self-cleaning efficiency was quantified through measuring the change 
of color with Rhodamine B (RhB) dye degradation in presence of UV light. The reaction pathway 
of RhB degradation for different mortar samples were also studied to explain the differences in 
self-cleaning performance of different mixes. For NOx removal, cement paste specimens 
containing white OPC, CSAB cement, class C fly ash, and nano TiO2 at different proportions were 
tested in both carbonated and noncarbonated state. Different phases present in the CaCO3 
generated from carbonation of the samples were quantified through XRD. Band edge energy, 
Urbach energy, and photoconductance of all the samples were also evaluated. Finally, an LCA 
study was carried out to quantify the use phase benefits of photocatalytic concrete overlays. Four 
different cement binders consisting of gray and white cement with and without TiO2 were 
compared considering vehicular pollutant removal, UHI effect, and building energy consumption. 
The use phase benefits were expressed in ten environmental impact parameters to quantify the 
sustainability impact of using photocatalytic concrete. 
NOx removal of CSAB cement samples were lower than the white cement samples. NOx 
removal of both white OPC and CSAB cement decreased with sample carbonation. Replacement 
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of cement by fly ash decreased NOx removal in the non-carbonated state, but fly ash replacement 
helped to mitigate the adverse effect of carbonation. Increasing w/b from 0.4 to 0.6 increased the 
NOx removal in the noncarbonated state. However, NOx removal decreased sharply with 
carbonation for the sample with a higher w/b. For these mixes and experiments, increasing TiO2 
content from 2.5% to 5% did not have any benefits in NOx removal.  
Carbonated photocatalytic CSAB samples had Calcite and Aragonite as the major CaCO3 
phases with trace amount of Vaterite, whereas carbonated photocatalytic white OPC samples had 
Calcite and Vaterite without the presence of Aragonite. Overall, Carbonated CSAB samples had 
higher amount of CaCO3 than the OPC samples. The total amount of CaCO3 formed with 
carbonation decreased with increase in TiO2 content and decrease in w/b for both white OPC and 
CSAB samples.  
The optical properties of photocatalytic paste samples were evaluated to gain 
understanding about how the hydrated cementitious materials in both carbonated and 
noncarbonated state affect the photo-activation of nano TiO2, which may explain photocatalytic 
performance of the sample and provide insight into choosing binders that would provide better 
photocatalytic performance. The activation energy of most of the photocatalytic samples was lower 
than pure anatase. Urbach absorption was observed in all the photocatalytic samples. Lowering of 
activation energy and presence of Urbach absorption indicated presence of local defects in nano 
TiO2 in the cementitious materials. Finally, carbonated samples had higher photoconductance than 
the noncarbonated samples. However, as all the carbonated samples had a lower NOx removal than 
the corresponding noncarbonated samples, it was concluded that a decrease in porosity or the TiO2 
particles being covered with CaCO3 prevails over the increase in photoconductance.  
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The self-cleaning efficiency of OPC samples were generally higher than the samples 
containing CSAB or fly ash. Increasing TiO2 content from 2.5% to 5% did not increase the self-
cleaning efficiency of the CSAB samples as much as the OPC samples. Fine glass aggregate 
substitution for sand significantly increased the self-cleaning efficiency of the OPC cement 
samples, but the increase was not as large for the CSAB samples. Replacing cement by fly ash and 
using CSAB instead of OPC both leads to lower pH of the pore solution. An experiment carried 
out to study photodegradation rate of RhB solution at various pH showed that RhB degradation 
increases with pH of the RhB solution. Based on these result, it was concluded that decrease in 
pore solution pH is one of the reasons behind lower self-cleaning efficiency. The peak absorbance 
wavelength of RhB solution at different stages of photodegradation was studied and N-de-
ethylation of RhB was observed on the photocatalytic mortar surface regardless of the type of 
cement used. N-de-ethylation of RhB involves RhB being adsorbed on TiO2 surface. Increase in 
TiO2 content increases the TiO2 adsorption site, and thus increases N-de-ethylation. 
 Replacing gray cement by white cement increased use phase sustainability through UHI 
mitigation and reduction in building energy consumption, whereas incorporation of TiO2 increased 
use phase sustainability through air pollutant removal. White cement overlays instead of gray 
cement overlays decreased the GWP by a factor of five and reduced annual building energy 
consumption by 9.5 kWh per capita/year. Addition of TiO2 in concrete decreased acidification, 
ecotoxicity, eutrophication, human health degradation factors, smog formation, and respiratory 
effects, whereas using white cement instead of gray cement in concrete overlays improved its 
environmental sustainability in all ten environmental impact parameters considered. Acidification, 
eutrophication, smog formation and respiratory effects decreased due to removal of NOx, and this 
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decrease was higher for white cement than gray cement because of the higher NOx removal rate. 
Incorporation of TiO2 in white cement had the highest net use phase benefits out of the four cases 
considered in the LCA study. 
5.2. FUTURE WORK 
While this study covered both self-cleaning and NOx removal of photocatalytic cements, 
much scope for future work exists that are required for successful large-scale usage of 
photocatalytic concrete. These avenues are summarized below: 
(a) The effect of pore solution pH on self-cleaning efficiency can be verified using pore 
solution extracted directly from the photocatalytic sample. Moreover, effect of 
carbonation on self-cleaning efficiency should be studied to evaluate long-term self-
cleaning performance. Self-cleaning efficiency of photocatalytic concrete is expected 
to decrease with carbonation because pH of the pore solution decreases with 
carbonation.  
(b) The self-cleaning performance was quantified through degradation of Rhodamine B in 
this thesis. It will be interesting to evaluate self-cleaning in the direct presence of 
soiling agents occurring in the field, e.g., oil, deicing salt, etc. to get a better idea of 
expected field performance. 
(c) The NOx removal test was carried out using cement paste samples in this thesis, and a 
study is required to be carried out using concrete specimens. This is particularly 
important because NOx removal decreases with porosity and concrete has lower 
porosity than cement paste. 
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(d) The carbonated samples in the NOx removal performance tests were characterized with 
XRD using a single peak method. A single peak method is known to have high amount 
of error for quantification and a Rietveld analysis coupled with thermogravimetric 
analysis (TGA) is required to assess the amount of carbonation and the different phases 
of CaCO3 present accurately. 
(e) The photoconductance of the carbonated samples were found to be higher than the 
noncarbonated samples in this study. However, an indirect method was used to evaluate 
photoconductance in this thesis.  A more direct method of measuring photoconductance 
will be helpful in confirming the result obtained in this study. 
(f) The LCA study conducted in this paper only considers the use phase. As discussed 
before, the environmental footprint of photocatalytic concrete is higher than plain 
concrete in the material phase. The combined effect of use phase and material phase 
must be evaluated to be sure of the increased environmental sustainability provided by 
photocatalytic concrete. 
(g) Finally, even though this study shows the viability of photocatalytic cements for NOx 
removal and self-cleaning performance, more research is required to verify the field 
performance of photocatalytic concrete. An ideal location for evaluating the impact of 
a photocatalytic concrete infrastructure will be a place with long summer with very low 
wind speed. A lower wind speed is particularly important because any effect of NOx 
removal by a small photocatalytic structure may not be observed due to intermixing of 
the air.   
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In conclusion, photocatalytic concrete can become a popular construction technology that 
becomes more popular in the future with ever-increasing air pollution in the Asian countries. 
However, more research work is required to large-scale implementation of photocatalytic concrete. 
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APPENDIX A: NOx REMOVAL TEST SETUP 
 
Figure A.1: Black box and photoreactor chamber 
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Figure A.2: Gas washing bottle used to increase humidity of zero air to 50% RH 
111 
 
 
Figure A3: Mass flow controller used to control flow of different gases to control RH and NOx 
inlet concentration 
112 
 
 
Figure A4: RH gauge used to determine that RH of the inlet air is maintained at 50% 
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APPENDIX B: NOx REMOVAL TEST RESULTS 
Table B.1: PEF (𝜇𝑚𝑜𝑙/𝑚2ℎ𝑟) of all the specimens tested in both carbonated and noncarbonated 
state 
Mix Name Noncarbonated Carbonated 
W_W4_T0_F0 2.25 2.49 1.43 1.07 1.43 0.84 
C_W4_T0_F0 1.48 1.54 1.96 0.65 1.20 0.69 
W_W4_T2.5_F0 61.82 71.51 66.99 50.36 54.94 49.47 
C_W4_T2.5_F15 32.98 32.75 36.17 31.09 30.35 26.10 
W_W4_T2.5_F15 50.44 59.73 53.12 47.84 52.11 48.23 
C_W4_T2.5_F0 40.31 38.34 40.56 34.41 38.13 38.34 
W_W6_T2.5_F15 95.13 97.00 99.78 39.46 42.30 44.67 
C_W6_T2.5_F15 76.20 58.07 63.60 46.45 42.92 40.82 
W_W4_T5_F15 64.86 50.43 69.31 32.06 33.76 30.00 
C_W4_T5_F15 25.35 17.98 24.60 17.72 16.70 16.66 
 
 
 
Figure B.1: Noncarbonated sample W_W4_T0_F0 (1/3) 
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Figure B.2: Noncarbonated sample W_W4_T0_F0 (2/3) 
 
Figure B.3: Noncarbonated sample W_W4_T0_F0 (3/3) 
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Figure B.4: Noncarbonated sample C_W4_T0_F0 (1/3) 
 
Figure B.5: Noncarbonated sample C_W4_T0_F0 (2/3) 
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Figure B.6: Noncarbonated sample C_W4_T0_F0 (3/3) 
 
 
 
 
Figure B.7: Noncarbonated sample W_W4_T2.5_F0 (1/3) 
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Figure B.8: Noncarbonated sample W_W4_T2.5_F0 (2/3) 
 
Figure B.9: Noncarbonated sample W_W4_T2.5_F0 (3/3) 
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Figure B.10: Noncarbonated sample C_W4_T2.5_F15 (1/3) 
 
Figure B.11: Noncarbonated sample C_W4_T2.5_F15 (2/3) 
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Figure B.12: Noncarbonated sample C_W4_T2.5_F15 (3/3) 
 
Figure B.13: Noncarbonated sample W_W4_T2.5_F15 (1/3) 
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Figure B.14: Noncarbonated sample W_W4_T2.5_F15 (2/3) 
 
Figure B.15: Noncarbonated sample W_W4_T2.5_F15 (3/3) 
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Figure B.16: Noncarbonated sample C_W4_T2.5_F0 (1/3) 
 
Figure B.17: Noncarbonated sample C_W4_T2.5_F0 (2/3) 
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Figure B.18: Noncarbonated sample C_W4_T2.5_F0 (3/3) 
 
Figure B.19: Noncarbonated sample W_W6_T2.5_F15 (1/3) 
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Figure B.20: Noncarbonated sample W_W6_T2.5_F15 (2/3) 
 
Figure B.21: Noncarbonated sample W_W6_T2.5_F15 (3/3) 
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Figure B.22: Noncarbonated sample C_W6_T2.5_F15 (1/3) 
Figure B.23: Noncarbonated sample C_W6_T2.5_F15 (2/3) 
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Figure B.24: Noncarbonated sample C_W6_T2.5_F15 (3/3) 
 
Figure B.25: Noncarbonated sample W_W4_T2.5_F15 (1/3) 
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Figure B.26: Noncarbonated sample W_W4_T2.5_F15 (2/3) 
 
Figure B.27: Noncarbonated sample W_W4_T2.5_F15 (3/3) 
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Figure B.28: Noncarbonated sample C_W4_T5_F15 (1/3) 
 
Figure B.29: Noncarbonated sample C_W4_T5_F15 (2/3) 
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Figure B.30: Noncarbonated sample C_W4_T5_F15 (3/3) 
 
Figure B.31: Carbonated sample W_W4_T0_F0 (1/3) 
129 
 
 
Figure B.32: Carbonated sample W_W4_T0_F0 (2/3) 
 
Figure B.33: Carbonated sample W_W4_T0_F0 (3/3) 
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Figure B.34: Carbonated sample C_W4_T0_F0 (1/3) 
 
Figure B.35: Carbonated sample C_W4_T0_F0 (2/3) 
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Figure B.36: Carbonated sample C_W4_T0_F0 (3/3) 
 
Figure B.37: Carbonated sample W_W4_T2.5_F0 (1/3) 
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Figure B.38: Carbonated sample W_W4_T2.5_F0 (2/3) 
 
Figure B.39: Carbonated sample W_W4_T2.5_F0 (3/3) 
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Figure B.40: Carbonated sample C_W4_T2.5_F15 (1/3) 
 
Figure B.41: Carbonated sample C_W4_T2.5_F15 (2/3) 
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Figure B.42: Carbonated sample C_W4_T2.5_F15 (3/3) 
 
Figure B.43: Carbonated sample W_W4_T2.5_F15 (1/3) 
135 
 
 
Figure B.44: Carbonated sample W_W4_T2.5_F15 (2/3) 
 
Figure B.45: Carbonated sample W_W4_T2.5_F15 (3/3) 
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Figure B.46: Carbonated sample C_W4_T2.5_F0 (1/3) 
 
Figure B.47: Carbonated sample C_W4_T2.5_F0 (2/3) 
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Figure B.48: Carbonated sample C_W4_T2.5_F0 (3/3) 
 
Figure B.49: Carbonated sample W_W6_T2.5_F15 (1/3) 
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Figure B.50: Carbonated sample W_W6_T2.5_F15 (2/3) 
 
Figure B.51: Carbonated sample W_W6_T2.5_F15 (3/3) 
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Figure B.52: Carbonated sample C_W6_T2.5_F15 (1/3) 
 
Figure B.53: Carbonated sample C_W6_T2.5_F15 (2/3) 
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Figure B.54: Carbonated sample C_W6_T2.5_F15 (3/3) 
 
Figure B.55: Carbonated sample W_W4_T5_F15 (1/3) 
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Figure B.56: Carbonated sample W_W4_T5_F15 (2/3) 
 
Figure B.57: Carbonated sample W_W4_T5_F15 (3/3) 
142 
 
 
Figure B.58: Carbonated sample C_W4_T5_F15 (1/3) 
 
Figure B.59: Carbonated sample C_W4_T5_F15 (2/3) 
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Figure B.60: Carbonated sample C_W4_T5_F15 (3/3) 
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APPENDIX C: XRD PLOT OF CARBONATED SAMPLES 
 
 
Figure C.1: XRD pattern of sample W_W4_T2.5_F0 
 
Figure C.2: XRD pattern of sample W_W6_T2.5_F15 
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Figure C.3: XRD pattern of sample W_W4_T5_F15 
 
Figure C.4: XRD pattern of sample C_W4_T2.5_F0 
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Figure C.5: XRD pattern of sample C_W4_T2.5_F15 
 
Figure C.6: XRD pattern of sample C_W6_T2.5_F15 
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Figure C.7: XRD pattern of sample C_W4_T5_F15 
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